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Carotenoid Biosynthesis in Bacteria: In vitro studies of a

crt/bch transcription factor frqm Rhodobactg‘r. cagsulétus
and carotenoid enzymes from Erwinia herbicola
by |
David Allen O'Brien

. Abstract
Carotenoid biosynthesis is ubiquitous in phoiosynthetic organisms, and :
occurs in some non-photosynthetic species as Weli. In studying carotenoid
biosynthesis, -the two bacteria, Rhodobacter capsulatus and Erwinia
herbicola provide useful model systems for transcriptional regulation and
enzyme biochemistry, respectively. |

Erwinia herbicola, a non-photosynthetic plarit pathogen, was

selected for enzymology studies because of its similarity to and-
compatibility with Escherichia coli, and its lack of dependence on a
specialized photosynthetic membrane or organelle. In this Wor_k, the first

reported in vitro expression of individual post-phytoene carotenoid

biosynthésis genes is presented. Erwinia lycopene cyclase was found to

require an all-trans substrate, unlike some earlier reported plant

chromoplast preparations in which inhibitors were used to focus on a

particular reaction step. Erwinia B-carotene hydroxylase was found to

require cofactors typical of other monooxygenases. Despite the

hydrophobicity of both this enzyme and its substrate, higher in vitro

" activity was obtained in membrane-free preparations. The less common

zeaxanthin glucosyl-transferase was discovered to be more robust in vitro
than either of the other two enzymes. This enzyme is shown to be limited

by zeaxanthin substrate availability and able to convert the mono-
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glucoside intérmediate much more efficiently to the diglucoside. This
'gluvcosyltrans.ferase was found to be Wéakly associated .With the cell
membrane and subject to proteolysis when rvemoved from the membrane.
In addition, a UDP binding site is proposed based on amino acid.seqUence
homology with other enzymes requiring UDP-actiVoted substrates.
Rhodob acter capsulatus 'is a purple non-sulflur facultative
ohototroph with a 46 kb cluster of anaerObic?.lly induced photosynthetic
genes, including all those re'quirevd'foi' éaroténoi_d biosynthesis. As such, it
provides an excellent vehicle for the study'of transcriptionai regulation,
which is currently not well understood. _Using a palindromic sequence

found upétream of carotenoid and bacteriochlorophyll biosynthesis genes,

a putative transcription factor has been identified. This protein binds the

DNA sit_e in a sequence-specific manner, and DNA-protein complex
formation is cooperatively enhanced by the presence of an upstream AT-

rich DNA sequence acting in cis. Both the binding constant and

dissociation rate are estimated. The in vitro binding studies, together with

parallel in vivo experiments, indicate that this factor acts as a repressor

under aerobic growth conditions. Also, more limited evidénce indicates a- - -

possible second role for this factor as an activator under anaerobic/
photosynthetic conditions. Finaily, these results, when taken together
with the distr_‘ibution of putative regulatory sites throughout the gene
.oluster as well as the results of other researchers, suggést a possible
mechanism of transcriptional regulation in which the exoression of these

.pigment biosynthesis genes is coordinated with that of the structural

proteins of the photosynthetic apparatus.
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Chapter 1:

Introduction to Carotenoids and their Biosynthesis

I. A general review of carotenoid structure, function,

alid distribution

Carotenoids are methyl-branched C4¢ compounds composed
of poly-isoprene units, which have been further desaturated to
producé a chromophore of conjugated double bonds. These colored
compounds typically serve to protect plants as well as some
bacteria and . fungi from photo-oxidative damage. In addition,
carotenoids are the pigments primarily responsible for the
characteristic red and yellow colors of autumn - leaves, ripened
fruits, and flowers. Also, many birds, fish, insects, and crustaceans
owe their colors to carotenoids found in their diets. Finally, dietary_
carotenoids such as P-carotene serve as metabolic precursors to
~ vitamin A and provide the source 6f retinal and retinoic acid,
compounds which play essential roles in animal vision and the
regulation of cell differentiation. Carotenoids have commercial
applications as well, primarily | as vitamin supplements, pigments
(notably as food coloring), animal food additives (e.g. in chicken
feed to produce a désired egg yolk color), and the treatment of
certain cancers (Mathews-Roth, 1987).

Althoughv many of the over 500 carotenoids identified to date
are basically linear, (th;e most abundant ones, such as o- and B-
carotenes hnd their derivatives, have undergone cyclization of their

termini into six membered rings (Straub, 1987; Fig. 1-1A).
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Carotenoids are divided into two classes by nomenclature,
carotenes, which are strictly- hydrocarbons, and their oxygen
containing derivatives .c'alled xanthbphylls. Naturally produced
carotenoids amount to about 1011 kg each year, the vast majority
being associated with green plants and other photosynthetic
organisms. | | -

Carotenoid pigments exhibit a characteristic type of
absofbanée spectrum with three peaks in the major band.
Phytqené, thé first C40 precursor. to later carotenoids, absorbs in the
UV range. The more common carotenoids absorb visible light and
appear yellow, and then red as the chromophore is lengthened as
more conjugated double bonds are. introduéed into the poly--
isoprene chain (reviewed in Bfitton, 1983). '

| ‘Carqte'noid's have b¢en found to protect' against photo-
‘oxidative damage by three separate mechanisms: quenching -of
triplet photo-sensitizers to produce an unreactive triplet carotenoid
species; reaction of carotenoids (with nine or more conjugated
double bonds) with singlet oxygen to produce carotenoid triplets;
and reaction with free fa_dicals (such as lipid radicals) to form
stable carotenoid radicals (reviewed in Krinsky, 1979; Cogdell and
Frank, 1987; see Fig. 1-1B). |

’Part_icularly active and potentially damaging photosensitizing -
agents are the chlorophyll and bacteriochlorophyll molecules at the
core of the pigment-protein complexés in the photosynthetic
apparatus of all photosynthetic organisms. Although the

architecture and location of these reaction center and light



Figure 1-1.

(A). Structure of B-carotene with systematic numbering

of carbon atoms.

(B). Three mechanisms of carotenoid protection agaihst
photo-oxidative damage (from Krinsky, 1979): (1),
reéc.tion with triplet sensitizers; (2) the direct reaction
with singlet oxygen; and (3), the reaction with free

radicals to form less reactive carotenoid radicals
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harvesting complexes differ widely 'in plants, fungi, and bacteria,
lipophilic carotenoids are an integral part of each (revieiﬁved in
.Siefermann-Harms, 1984). Cogdell et al. (1981) calculated that the
closely bound carotenoids in these pigment protein complexes are
présent at an effective concentration high enough to be
approximately 90% efficient at quenching the excited chlorophyll.
In addition, carotenoids have been shown to play a role in light
harvesting in the wavelength range of 450 to 570, where
chlorophylls do not absorb strongly, and to transfer this energy to
chlorophyli species via a singlet-singlet mechanism (Cogdell and
Frank, 1987) » |

In piants, the photosynthetic apparatus is located in leaf
chloroplasts, where the carotenoid color is maske.d’ by the presence
of chlorophylls. The plant réaction centers of Photosystems I and II
contain carotenes, primarily B-carotene, as the bound carotenoids,
while the light harvesting complexes utilize oxidized xanthophylls,
primarily lutein, neoxanthih, and violaxanthin (reviewed in
Siefermann-Harms, 1984). Carotenoids are also found association
with the chloroplast envelope (Joyard et al. 1991). During leaf
senescence, these xanthophylls often undergo ésterification
(Goodwin, 1958). |

Flowers, pollen, fruit, and root tissue contain a huge. vaﬁety of
carotenoids, including common ones as well as the more exotic. The
identity and distribution of -these compounds are specific to each
species and tissue. The mdre exotic compounds include oxidized

keto-carotenoids and carboxylic acids, pentacyclic ring derivatives,
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and C3q apocarotenoids (reviewed by Goodwin, 1980). More familiar
examples of carotenoids occur, in the tomato fruit, ,\vvhose
characteristic red color is due- to lycopene, a linear carotene, and
carrot roots, which contain p-carotene.

The reaction centers of Photosystems I and II ‘in. green, red,
and brown algae, as well as cyanobacteria g_eherally contain B-
carotene, likev their "analogs in hivghe‘r plants. Howevér, some
variéties of green algae utilize the similar a- or e-carotenes instead.
These "simpler" photosynthetic organisms contain vastly different
antenna complexcs, ranging from the carotenoid-less
phycobilisomes of cyanobacteria to the internal lightvharvesting
coniplexes of most algae and diatoms, containing violaxanthin and
its keto- derivative, fucoxanthin (reviewed by Siefermann-Harms,
1984). |
| Green bacteria possess both a membrane-associated antenna
as well as an external chlorosome, both of which contain
carotenoids. The chlorobiaceae family utilizes chlorobactene (¢,y-
_carotene) in both the chlorosome and internal pigment protein
complexes. ‘However,' the chloroflexaceae contain mbstly B- and v-
carotenes, with smaller amounts of xanthophyll glucosides
(Schmidt,. 1980). |
; The purple bacteria possess a single photosystem, completely
integrated into the thylakoid, a deeply inVaginated intracytoplasmic
membrane. These bacteria contain linear carotenoids which vary
among different species, such as: spiroloxanthin in Rhodospi_rilluin
rubrum and Chromatium vinosum; rhodopin in Rhodopseudomonas
acidophila, dihydroneurosporene in Rps. viridis; and spﬁaeroidene

6



in Rhodobacter phaermdes and capsulatus (Van der Rest and
Gingras, 1974; Drews et al, 1976)

In addition to these photoSynthetic organisms, carotenoids are
“also found in a number of non-photosynthetic fungi and bacteria,
particularly ones inhabiting environments exposed to sunlight and

- oxygen.



L Carotenoid biosynthesis

‘A conserved carotenoid biosynthetic pathway was first
~proposed by Porter and Lincoln (1950). The earlier steps of this -
pathway are common to all plant and bacterial systems, énd consist
of three condensations of isoprenyl pyrophosphate units to form
the the twenty carbon geran&lgeranyl pyrophosphate (GGPP), which
is then dimerized to the first Cy Carotenoid, phytoene. All of these
reactions utilize 'sdluble, phosphorylated ‘substrates, andv the
enzyme activities for several of these reaction steps have been
isolated in_vitro from a variety of organisms (Pdulter and Rilling,
1983; Qureshi and Porter, 1983; Kleinig, 1989). These steps, up to
the. formation of GGPP, are not unique to carotenoid formation, but
are shared with other biological iéoprenojd compounds, such as

- sterols, terpinoI quinones, and gibberellins (Fig. 1-2).

The first biosyntheticvstep truly unique to carotenogenesis is
the "tail-to-tail" condensation of GGPP to phytoene via the
cyclopropyl intermediate, pre-phytoene pyrophosphate (PPPP).

: ¢
Either all-trans-phytoene or the 15-cis isomer results from the

elimination of pyrophosphate, depending upon which of two
protons is abstracted from the cafbon skeleton. The 13-c_i_s}-
phytoéne is the predominant isomer produced.in plants ’a'nd other
eukaryotes, while in the purple bacterium, Rhodobacter capsulatus,
a 1:1 ratio of. the isomers has been repofted (Bramley and

MacKenzie, 1988). A single 47.5 kDa phytoene synthase enzyme,



Figure 1-2. General pathway of carotenoid biosynthesis,
indicating common intermediates with other poly-isoprenoid
compounds (reviewed in Britton, 1983). The Cyo compounds | are
shown in the all-trans configuration, alth-ough their isomeric forms
differ widely among species. Phytoene, in particular is often found
 with its central 15-15' double bond in the cis cbn_figuration.
Abbrev.iations used are: IPP, isopentenyl pyrophbsphate; DMAPP,
‘dimethylallyl pyrophosphate; GPP, geranyl. pyrophosphate; FPP,
- farnesyl pyrophosphate; GGPP geranylgeranyl pyrophosphate; and
PPPP, prephytoene py'ropho'sphate. | |
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catalyzing both the dimerization of GGPP and the subsequent
dephosphorylation, has been purified from Capsicum annum (red
pepper) chromoplasts by Dogbo et al. (1988). Two separate
enzymes, designated c_r_’@_.-and crtE, have been reported in
‘Rhodobacter capsulatus for the two reactions leading .to phytoenev
(Armstrong et ai., 1990a). However, the second enzyme, crtE, was
found to bear considerable amino acid homology to the albino-3

gene product from Neurospora crassa, which codes for the last

prenylation step forming GGPP (Nelson et al., 1989; Carattoli et al.,
1991), as well as to the corresponding GGPP synthase in Erwinia
herbicola (Mathiet al., 1992).

Subs‘equent enzymatic activities in the carotenoid
biosynthesis pathway result in the wide range of end products
| particular to each species. These later enzymes utilize lipophilic
substrates, and their activities are difficult to isolate in vitro. No
homogeneous protein fractions catalyzi'ng individual post-phytoene
reactions have been isoiated thus far. Most of the enzymes for
carotenoid biosynthesis after phytoene dppear to be membrane
bound and have been postulated to be clustered into a multienzyme
complex (Beyer et al., 1985). Due to the paucity of  observable
intermediates in the plant and fungal systems studied, it has been
proposed that the carotenoid substrate may be channeled through
this multienzyme complex (Beyer et al., 1985) and (Candau et al.,
1991). | | |

" Four dehydrogenation ‘steps are required to transform
phytoene to 1y¢opene (Fig. 1-2). Phytoene dehydrogenation is the

target of a class of herbicides, and their effects as well as the effects
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of mutations have been used to study clarotenoid dehydrogenases.'
In soine organisms, such as the fungus Phycomyces (Aragon et al.,
1976) and the bacteria of the genus Erwinia, (Misawa et al.,, 1990)
all four dehydrogenations appear to be catalyzed by a single
enzyme. In other species, the analysis of mutant strains and the
accumulation of intermediates have led researchers to suggest the
presence of at least two separate eniymes, usually a phytoene
dehydrogenase and a C-carotene dehydrogenase. Narcissus
pseudonarcissus (daffodil) chromoplast carqtenoids underg'o trans
removal of hydrogens in the two step conversion of phytoene to (-
carotene, and cis dehydrogenations in both steps con_verting -
carotene to lycopene (Mayer et al., 1989). Alsd,' a différenf
sensitivity to herbicides was noted for the two processes in
Narcissus as well as Aphanocapsa (Sandmann and Boger, 1989).
Phytofluehe is the accumulated interr'nedi.ateAin an apparently
d‘ifférent’ two enzyme dehydrogenation process observed in spinach
leaves (Kushwaha et al., 1969), tomato (Subbarayan et al.,1970),
and Halobacterium cuﬁrubiri (Kushwaha et al., 1976), based on a
- different cofactor reqﬁire_ment for the two stages of the process.
With only limited evidence, two compéting “mechanisms have been
proposed for the dehydrogenations of» carotenoids: simple
abstraction of hydrogens; or oxidation followed by dehydration
(Sandmann and Kowalczyk, 1989; Beyer et al., 1985 ).

-Although most carotengenic organisms convert 15-cis-

phytoene to all-trans-lycopene, no specific cis/trans isomerases

have been identified by genetic lesions, or otherwise. Since

isomerization occurs at different stages in the dehydrogenation

12



cascade with different organisms (Bramley and Sa'ndmann_, 1985;
Beyer et al., 1985), it has beeh proposed that isomerization is
vaccomplished upoh binding of thé carotenoid to a dehydrogenase
(Goodwin, “1980). -

Following the dehyrogenation reactions, lycopene can undergo
cyclization of one or both> of its termini, most commonly into B- ore- -
;invgs‘. Cyclization can  also occur with .lycopene'sl..immediate
precursor, neurosporene, although it is less common. Cyclization also
produces a shorter chromophore, resulting in a yellow carotenoid.
The particular type of ring structure formed appears to depend on
which proton is abstracted from a carbonium ion intermediate, and
is dictated by the stereospecific enzym¢ (Britton, 1983; Fig. 1-3).
Despite an inability to purify or over-express these membrane
bound enzymes, bertain individual reactions, such as cyclization,
have been studied in relative isolation by the manipulation of
cofactors (primarily  O2) to inhibit other enzymes in a crudé isolate
(Beyer et al.,, 1989). The combined carotene desaturation and
cyclization activities have been demonstrated in vitro from the
collection of membrane bound enzymes soiubized from Narcissus
pseudonarcissus (daffodil) chromoplasts and reconstituted into
liposomes (Beyer et al.,, 1985). The preferred  substrates for
_cyclization' to P-carotene in the daffodil system were lycopene

isomers containing cis double bonds at the 7 and 7' positions, and

NADPH was found to be an essential cofactor (Beyer et al, 1989)
and (Beyer et al.,, 1991). In the fungus, Phycomyces blakesleeanus,
evidence of an enzyme aggregate containing two cyclases which |

convert lycopene to B-carotene yia y-carotene ‘has_ been reported

13



(Candau et al., 1991).

| A v.ery‘ wide variety of xanthophylls is formed via oxidation
of both cyclic and non—c‘yclic cdrote;noids. The hydroxylatibn of B-
carotene utilizes molecular.ox'y_gen, as demonstrated by 180,
labelling (Yamamoto et'al., 1962) and (McDermott et al., 1974). In
vitro experiments indicate that membranes of the cyanobacterium,
Aphanocapsa, accomplish the hydroxylation of B-carotene using van
02 dependent fmon.ooxygvenase (mixed function o:iidase), and- that
the reaction is stimulated by NADPH (Sandmann and Bramley,
1985). Two very common xénthophylls, zeaxanthin and lutein, bbth
require oxidation of fB-rings at the non-activated C-3 position, a
somewhat unusual site -preférence for enzymatic oxidétion (Waléh,
1976). HoWever,A monobxygenases have been reported to sometimes
target other non~a¢tivated- substrates, such as methane (Fox et 'avl.,
1989). lT'heA further oxidation vof zeaxanthi'n\t'o‘ vioaxalithin is an
olefinic epoxidation, which is also cafalyzed by a monooxygenase
requiring Oz and NADPH (Siefermann and Yamamoto, 1975). Still
other unrelated .monooxyge_nases use Oy to effect allylic oxidations
of carotenoids to their ketone derivatives such as that of the non-
cyclic sphaeroidene to sphaeroidenone in the purple bacteri_a of the -
genus Rhodobacter (Schneour, 1962). 'Finally,» even non-}
carotenogenic organisms produce retinal by the oxidative scission of
B-carotene, catalyzed by a dioxygenase. Other xanthophylls arise
through the non-oxidative process of hydration of double bonds,
examples being rhodopin and demethyl sphaeroidene (Britton,

1983).
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Figure 1-3. Cyclization and oxidation pathways determining some
of the more common end-product carotenoids (see text). The
cyclization mechanisms shown are from the review by Britton

(1983).
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II1. 'Rh_o‘dobacter capsulatus as a model systeni for

“the regulation of carotenoid biosynthesis |

Rhodobacter c‘ag. sulatus, forinerly known as Rhodopseumonas
: capsulata,‘ is a purple non-sulfur ba;:terium, generally found in
.ponds and other bodies of still water which contain suitable
nutrients. As a facultative phototroph,. this bacterium lives by
aerobic respiration in the presence of oXygen, but with a drop m
oxygen tension, the organism rapidly induces an intracytoplasmicv
membrane containing a complete photosynthetic apparatus (Drews
and Oelze, 1981). The single photosystem found 'in this species and
other purple bacteria is unable to evolve molecular oxygen from
water. The R. capsulatus photosystem contains a reaction center and
two  light- har\}esting complexes, LH-I (or. B870) and LH-II (or
B800-850), each of which inciude bact}eriochlorophylba and the
non-cyclic carotenoid, sphaeroidene (Clark' et al.,, 1984; Klug et al.,
1985). Energy is transferred in a downhill fashion from LH-II to
LH-I to the reaction center.

However, even in the presence of oxygen, carotenoids are still
produced at lower levels, giving R. capsulatus and its close relative,

R. sphaeroides their characteristic red-purple color, primarily as the

result of the formation of sphaeroidenone, the 2-oxo- derivative of
sphaeroidene (Cohen-Bazire et al., '1957). In addition to aerobic and
'photosy.nthetic growth modes, R. capsulatus can also grow
chemoheterotrophically in the absence of oxygen by usi\ng
compounds such as dimethyl sulfoxide or an amine-okide as

electron ‘acc':eptors‘ (Yen and Marrs, 1977; Scolnik et al.,>1980b).
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Also, the organism can survive by anaerobic fermentatioh in the
dark, but with a very long cell-doubling time (Séhultz ‘and. Weaver,
1982). | | - |

~ All of the genes coding for the structural polypeptidés in the
photsynthetic reaction center and LH-I complex, as well as those
coding for all of the enzymatic steps of bacteriochlorophyll and
carotenoid biosynthesis, are clustered on the chromosome in a 46
kb region, which was discovered and mdbilized on a large plasmid
by B. Marrs (1981). This R-prime. plasmid was designatéd pRPS404
- (Marrs, 1981). This gene cluster provdes an excellent véhicle for the
study of photosynthetic gene expression and regulation as a
function of environmental changes. The clustet of genes was found
to complement all known B_.capéulatus photosynthetic mutatiqns,
~but is not expfessed in E. coli, or other common hosts, probably due
to a lack of comniori transcription signals and the likely
requirement of a spécialized membrane for the assembly of the
pigment-protein complexes. The multiple growth modes available to
R. capsulatus make it possible to cultivate mutant strains which are
~ not photosynthetically competent.

The genes ivn this photosynthetic cluster have been
cxte‘nsively mapped by mutational analysis (Yen4 and Marrs, 1976;
Taylor et al., 1983; Zsebo and Hearst, 1984; Bauer et al., 1988), and
subsequently the entire 46 kb cluster was sequenced by M. Alberti
(Alberti and Hearst, 1991; EMBL Data Library éccession number
Z11165). Like other sequenced regions of Lcépsulatus, this' gene
cluster is unusually GC-rich, having a GC content of approximately -

67%. The organization of these genes is shown in figure 1-4, with
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the highly expressed structural protein genes located in outwardly-
transcribéd operons at the ends of the ‘clustevr. A similar cluster of
photosynthetic genes has afso been found in R. sphaeroides (Lée
and Kaplan, 1992). . -

The two structural polypeptides in the _R_.cépsulatus .LH—I
~antenna (o and B) and the L and M proteins of the reaction center
are all encoded by the puf (photosynthet.ic‘ unit, fixed) operon,
‘while the third reaction center .polypeptide, H, is encoded by the-
puh operon at the opposite end of the 46 kb cluster. The‘secondary
antenna, LH-II, is induced by low light levels and contains its own
o- and B- polypeptides' encoded by an operon which is separate
from the cluster and designated puc (_Youvan and Ismail, 1985), as
well as a third polypeptide, LH-II vy, arising from a gene of unknown
location. An X-ray crystal structure of the R. sphaeroides reaction
center indicates that the sphaeroidene is held in a hydrophobic
pocket in a bent conformation, suggestive of an internal cis double
bond in the carotenoid (Yeates et al., 1988). This is consistent with |
the 13-cis, twisted structure of ’the 1,2-dihydroneurosporene
carotenoid in the high-resolution X-ray structure of the reaction

center of Rhodopseu'vdomonas viridis (Deisenhofer and Michel, .

- 1988). In contrast, the carotenoids in light harvesting complexes are

apparently held in an all-trans conformation (Cogdell and Frank,
1987). | | |

The bacteriochlorophyll biosynthesis (b_cl) operons, aé well as
somev others of unknown function, are ldcated adjacent to the puf
and puh operons, while the carotenoid biosynthesis (crt) operons

are largely concentrated in the center of the photosynthetic cluster
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(Fig. 1-4). The crt genes were mapped on this cluster using physical
and genetic techniques with a wide 'variety of available Tn5.7
transposon, .interpoSon, and point mutants (Yen and Marrs, 1976;
Taylor et al., 1983; Scolnik et al., 1980; Zsebo and Hearst, 1984;
Giuliano et al., 1988; Armstrohg et al., 1990a; Fig. 1-5). These
mutants were characterized by analysis of accumulated carotenoid
intermediates, allowing enzymatic functions :to. be a‘ssign_ed to
specific loci. _ | | |
Transcription of the puf and puh operons has been studied
‘extensively and found to be ihduced by a factor of .at least 8 upon
the reduction of oxygen tension (Cook et al., 1989; Wellington et al,,
1991; Sganga .and Bauer, 1992). However, the vcarotenoid
- biosynthesis genes are generally induced to a lesser extent, and the
magnitude of this induction varies gréatly among operons
(Armstrong, 1989b). The séquencing df the 11 kb internal crt
cluster (all the crt genes, except crtl) has been reported by
Armstrong et al. (1989), confirming the gene locations, organization
" and direétion of transcription, as well as identifying the gene
prqduét amiho acid sequences, potential ribosome binding sites,
translation start sites, and rho-independent transcription
termination signals (hairpin loop type). Also, Armstrong and co-
workers identified several sequencé motifs recurring upstream of
the crt operons which could serve as promoters or other regulatotS'
of transcription. Tﬁese include sequences bearing nucleotide
homology to 670—like promoters (-35 “and -10 regions), islands of
non-homologous AT-rich sequence, and a spécific palindrome or

inverted repeat sequence with a consensus of GTGTAA Ng TTACAC.
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This .palindrome bears some general homology to the consensus
form found in a  variety of prokaryotic transcription factors
(Gicquel-Sanzey and Cossart, 1982; Buck et al., 1986; Armstrong et
al., 1989), but is eﬁtirely different from the GC-rich palindrome
found upstream of the puf structural operon, Which deletion
mutations have sh_oWn to be required for normal expression of puf
(Adams et al., 1989). | |

The reason for the clustered arrangement of the
photosynthetic genes is not completely understood, but several
theories have been advanced. The notion that' the entire cluster is
somehow coordinately regulated by superhelicity changes
throughout the region upon the removal of oxygen was effectively.
refuted by Cook et al. (1989). |

However, several reseachers have demonstrated that
overlapping transcriptional units exist at both ends of the 46 kb
structure, and that read-throug\h is necessary both for the proper
é}xpréssion} of downstream operohs and for the organism's rapid
adaptation to photoéynthetic growth (Young et al., 1989; Wellington
“and Beatty, 1989; Wellington et al., 1991; Bauer et al., 1991). Young
et al. (1989) have demonstrated that transposon mutants which

contain transcription terminators in the crtEF opefon produced

reduced levels of transcript from the downstream bchCXYZ operon
(formerly bchCA; Burke et al., 1992; Alberti and Hearst, EMBL Data
Library acéession ,number Z11165). This suggested some type of
read-through of transcription, which was confirmed by the SI1
mapping of mRNA .bstart sites of species extending into the

downstream operon (Wellington and Beatty,1989). Also, the use of
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S1 mapping and lacZ fusions has demonstrated that readFthrough

from bchC into the puf structural operon is important both in

pfoViding significant amounts of total puf transcript (especially
- during aerobic growth), and in stimulating initiation from the puf
proinoter itself (Wellington et al., 1991). A similar organization of
genes' into a superoperonal arrangement was found at Ath.e opposite
end of the 46 kb cluster in which transcription extends from the

operon beginning at bchB into the puh operon' (coding for the

reaction center H protéin), and the insertion of an bintcrposon into
bchB reduces the eXpressién of p_uLA (Bauer et al., 1991). It appears
that the basal level of transéription of étruétural proteins providéd
by read-through .from pigment bidsynthesis operons under aerobic
conditions facilitates the rapid adaptation of~‘B_. capsulatus to
photosynthetic growth when oxygen is subsequently removed.
However, the mechanisms of transcriptional regulation of tﬁese
essential upstream pigment biosynthesis genes themselves remain

largely unknown.
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Figure 1-4. Rhodobacter capsulatus photosynthetic gene cluster
as sequenced 'by Alberti and Hearst (EMBL Data Library accession
number Z11165, 1991) and the genes mapped to. nucleotide
resolution by Burke et al. (1992). The gene functions in this
photosynthetic cluster have been extensively mapped by
mutational analysis. (Yen and Marrs, 1976; Taylor et al., 1983; Zsebo

and Hearst, 1984; Bauer et al., 1988). The resolution of the former

bchA locus into three separate genes is reported by Burke et al.

(1992)
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Figure 1-5. Rhodobacter capsulatus carotenoid biosynthesis ~
pathway as reported by Armstrong et al. (1989). Both 7,8,11,12-
tetrahydrolycopene and {-carotene have been proposed as possible
intermediates by Giuliano et al. (1986, 1988) Biochemical functions
were proposed for crtA, crtC, crtD, and crtF by Scolnik et al.

(1980a), crtl by Giuliano et al (1986), and crtB and crtE by

Armstrong et al.(1990a). Abbreviations used are: IPP, isopentenyl
pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GPP, geranyl
pyrophosphate; FPP, farnesyl pyrophosphate; GGPP geranylgéranyl
pyrophosphate; and PPPP, prephytoene pyrophosphate.
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IV. Overview of the thesis

Chapters 2 and 3 describe the characterizatioﬁ of a putative -
transcription factor in Rhodobacter capsulatus which binds
upstream of the crt and bch pigment biosynthesis operons and
‘appears to play a role in the adaptation of the organism from the
~aerobic to the anaerobic-photosynthetic growth mode. Chapter 2
deséribes the idehtiffcatibn of this factor through an in yvitro
mobility shift assay, as welllas the determination of its binding
properties and sequence specificity. Chapter 3 focuses on “the
isolation of this factor. ’

‘Chapters 4 and 5 describe the overexpression and
biochemistry of later carotenoid biosynthesis enzymes derived from
ihe non-phétosynthetic bacterium, Erwinia herbicola. Chapter“4

describes the separate overexpression and in vitro analysis of two

enzymes involved in the main sequence of the carotenoid
biosynthesis pathWay, lycopene cyclase and p-carotene
hydroxylase. Chapter 5 examines the overexpression and
enzymology of functionally' active zeaxanthin glucosyltransferase,
an enzyme which carries out a more unusual transformation,
converting a carotenoid -into its more hydrophilic mono- and
diglucoside derivatives. In addition, amino acid homology with
other glucosyltransferases suggests a putative binding site for the

- UDP-activated glucose substrate.
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Chapter 2: |

Identification and In vitro Characterization of a
Sequence- Specific DNA-Binding Protein, an Apparent
‘Transcription Factor for the Pigment Biosynthesis Genes

in Rhodovba'cter‘c'apsillatus

I. Introduction
| The carotenoid biosynthesis' genes in thé purple non-sulfur
photosynthetic bacterium Rhodobacter capsulatus have been:
éxtehsively mapped and sequenced, and the levels of transcription -
measured for a vériety of "‘environmental growth cbnditions.
However, the actual 'mechanisms of transcription initiation and
regulajtion have rem'ained largely obscure. Like the puf, M , and
puc operons which encode the., structural polypeptides of the-
photosynthetic apparatus, and the various bacteriochlbrophyll (bch)
operons, many of the carotenoid biosynthesis (crt) operons zippear.
to " lack recognizable promoters - and .'other‘ transcriptional control
signals (Anpsfrong'et al., 1989). |

Oxygen. tension is a major factor controlling the coordinate
expression of these gehes. At least part of the oxygen.-dependent
regulationA of pigment biosynthesis occurs at the transcriptionai
level (Clark et al.,, 1984; Zhu and Hearst, 1986; Sganga and. Bauer,
1992). Although a great deal has been learned recently about the
regulatory mechanism of sinictural polypeptide biosynthésis, much
less is known -about regulation of pigment biosynthesis.

Although the genes encoding the structural polypeptides and

pigment biosynthesis enzymes are triggered by reduced oxygen
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tension, several lines of evidence indicate that the regulatory _
mechanisms for these two classes of operons méy be different.
Fifst, transcription of puf-and puh is highly induced when cells are
shifted from aerobiq to anaerobic conditions (Sganga and Bauer,
1992; Cook et al., 1989; Wellington et al., 1991), whereas the
'inhdu‘ction of most bch and crt operons "is less than 5-fold

(Armstrong, 1989b; Wellihgton et al., 1991; Sganga et al., 1992; F1g

2-1). Second, mutations in a newly discovered trans-regulatory

factor, RegA, eliminate anaerobic inductior_l. of structural
polypeptide biosynthesis but do not have any Vsigvnificz'mt
deleterious effect on pigment gene expression (Sganga et al., 1992).
Finally, Armstrong et al. (1989) have noted three consérved
DNA sequence motifs that are found in the regions upstream of
many pigment biosyh_thesis genes; but are not found upstream of°
the puf and puh operons. In addition to. the presence of hon-
homologous AT-rich regions upstrearﬁ of crt and bch operons, two
recurring types of specific sequences were found as part of a
homology search for possible promoters (Armstrong et al., 1989).
One such sequence exhibits homology to a 670-1ike promoter site,
with -35 and -10 regions. The other recurring sequence appeared 4to o
be new, vand"u’pon further inspection it was noticed (by D.A.O.) that
the consensus nucleotides formed an inverted repeat or palindrome,
and could serve as a protein bil_lding ~site. This paiindrome and its -
similarity to the conserved features Qf DNA binding sites for'known
prokaryotic .tran.scription fabtors‘ are noted .in Afmstrong et al.
- (1989) and shown in figure 2-2.

Recent studies have focused on the superoperonal organization
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of, pigment bibsynthesis"and structural genes and the functional
importance of this organization for the adaptation from aerobic' to
anaerobic environmental conditions (reviewed in Wellington et al.,
1992). Data from a number of researchers indicate that expression
of the pigment biosynthesis genes enhances the expression of
downstream, stringéntly controlled structural genes through both
ltranscriptionai re’ad%h’i‘ough and an as yet poorly understood
activation of the downstreaxh operons 'th_émselves ‘(Wellington et al.,
1991; Young et al.,, 1989; Bauer et al., 1991). R. capsulatus strains in
which fhe superoperon is ._inacvtivated by polar mutations are
significantly impaired during- the adaptation to photosynthetic
growth (Wellington, 1991). Despi’té the appvarent»” importance of
transcription initiation of pigment biosynthesis genes, both for their
own expressidn and for expression o.f: downstream structural gene
products, the DNA regulatory seQuences controll{ng transcription
have not yet been idehtifiéd in detail for any pigment biosynthesis -
opéron. |

Perhaps the most intensively studied region from a genetic/
regulatory point of view is the superoperon that begins at the crtEF
operon, and includes the bchCXYZ (formerly bchCA, Burke et al.,
1992; Alberti and Hearst, ‘EMBL Data Library accession number
211165) and pufQBALMX operons (Wellington et al., 1991; Young et

al., 1989). This crtEF superopé;ron is also of interest because it

contains multiple examples of the recurring sequences: two copies
of the palindromé sequence, a perfect match to the consensus

sequence upstream of crtEF and one with a single mismatch

upstream of the bch operon; a ¢70-like promoter sequence in front
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of bchC; and a pronounced AT-rich region further upstream of bchC
(Armstrong et al.,, 1989). Transcription initation at the crtEF
promoter is increased approximately .6-fold by  reduced oxygenv
tension (Armstrong, 1989b), while initiation at the bchCXYZ is
increased by only a factor of 3 to 4 (Wellington and Beatty, 1989;
Young et al., 1989; Armstrong, 1989b). Giuliano et -al. (1988)
identified the .5’ ends of two closely-spaced mRNA transcripts
upstream of the crtEF operon by S1 mapping. Young et al. (1989)

mapped the promoter -and regulatory signals for the bchCXYZ
operon to a 134 bp fragment by deletion analysis. Wellington and
Beatty (1989) identified the 5° end of an mRNA species from this
same region, which they proposed resulted from transcription
initiation from a site with similarity to a sequence upstream of the
puf operon. -However, Armstrong et al. (1989) suggested that the.
sequences in this region with similarity to an E. coli-type 07_0
~promoter and the putative'.prok'aryotic transcription factor binding
sites might instead function to regulate bchCXYZ expression.

The experiments in this chapter demonstrate that the recurring
palindrome sequence does indeed serve as a specific protein binding site
in '& capsulatus. A gel mobility-shift assay demonstrates that a DNA-
protein complex forms at both the inverted repeat sequencés found

upstream of crtE and'béhC, and that the stability of this protein is further

enhanced in the case of the bchCXYZ operon through cooperative binding
}to the AT-rich region as well as the palindrome sequence. Additional data
indicate that this complex may repress transcription under aerobic
conditions. Based on these results, a general model for regulation of

pigment biosynthesis genes in R. capsulatus is proposed.
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Figure 2-1. Map of’ the 11 kb carotenoid gene cluster as
| detérmined by Armstrong et al.(1989) showing anaerobic induction
of tfanscriptidn (Armstrong, 1989b) as ‘well as . important features
of the nucleotide sequence. Above the. gehe map is a graph showing
the average A+T nucleotide content, as calculated by averaging over
a 151 bp window using 10 bp increments. Only values above 40%
are shown (the genomic mean AT content is 33%). Induction as a
function: of shifting frorh gerobié to anéerbbié/ photosynthetic
growth conditions wa's' detérmined by mRNA dot blot analysis
(Armstr(mg, 1989b) and summarized as shadings on the gene map
as follows: 5-10 fold induction, blackv; 2—5 fold induction, gray; no
induction, white. Immediately above .the map, black circles indicate
the position of the recuri'ing palindrome ._motif and the o's indicate
“the ’670;like sequences, with putative transcriptionél directions
indicated by the small arrows. Note that thesé three sequence

motifs are all segregated about the 5' ends of genes.
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Figure 2-2. The location of palindromes and o70-like sequences
in the photosynthesis -gene cluster of R. capsulatus (Armstrong et
al., 1989; M. Alberti and J. E. Hearst, EMBL Data Library accession
number Z11165). (A) Palindrome sequenvces found 45"to beh, crt and
vw operons in R. capsulatus and the consensus derived from them.
Conserved nucleotides matching the consensus are shown in bold

type. Note that the crtD and crtE genes are transcribed in opposite

directibns (see Fig. 2-1) and share a single upstream palindrome.
These séquehces are compared to the conéensus secjuehcé of many
proéaryqtic, transcription regulators, including CAP, Lacl, AraC, GalR,
LexA, and. NifA (Gicquel-Sanzey and Cossart; 1982; Armstrong'et al.,
.1989 ); (B): Comparison of the 07-0—1ikc sequences found 5' to bch
and _c_r_t_ oberons in R. capsulatus with the consensus. o670 promoter
of E. coli 'N. represents any nucleotide. The right half of the figure
‘indicates the ~number of base pairs between these c70-like
sequences and the start codon of the nearest downstream gene.
"~ Note that both the -35 and -10 sequences and also the spacihg

between them are conserved in all three cases.
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II. Materials and Methods

Bacterial strains and growth conditions
The R. cépsulatuS'strain used in these experiments was B100

(Mérrs, 1981). }A_R_. capsulatus cells. were 'grbwn under aerobic

conditions at  30-32°C until a cell density of ébout 1.7 X 108 per ml

was reached prior to harvesting or shifting to photosynthetic

growth conditions: Photosynthetic cultures were then shifted to

anaerobic conditions in the presence of 500 W/m2 light provided

by a bank of lumiline larhps for 60 minutes prior to h}arvesvting.

Dark, aerobic cultures were grown in covered glass vessels which

were sparged with a mixture of N2:02:CO2 (80:20:2). Anaerobic

cultures were uncovered and sparged' with a mixture of N2:CO2

., (80:2). Gas ﬂdw and composition .were controlled using a Matheson -
‘Gas Products Multiple Dyna-blender, Model 8219. Growth rates

were monitored on a Bausch and Lomb Spectronic .21‘

spectrophotometer.

"Probe design and construction
Complementary synthetic DNA oligonucleotides were
synthesized to reconstruct the completely conserved example of the

- consensus palindrome sequence found upstream of the crtEF operon

(Armstrong et al., 1989). Approximately 1pmol of each strand was
5' end-labelled using T4 Kinase and y-[32P] ATP according to an

established protocol (Sambrook et al., 1989). Following this reaction,

the enzyme was heat-deactivated, the complementary strands
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annealed, and the double stranded 31mer probe separated from the
[32P] ATP on a Sephadex G-50 spin column. o

Double stranded probes of 80 to 210 base pairs in length were
obtained bSr polymerase chain reaction (PCR) arhplificati'on of cloned

plasmids containing the palindrome and surrounding intergenic

DNA from either the region upstream of the crtEF or bchCXYZ

pperdns.' DNA upstream from bchCXYZ was cloned from a Smal site
at a position -85 relative to the 5’ mRNA end mapbed by Wellington
and Beatty (1989) to an Apal site at positioﬁ +79. This pBR-derived
construct, obtained courtesy of D.N. Cook and designated pDC410,
contains the ¢70- like promoter, AT-rich regioﬂ as well as the
palindrome sequence. All site-specific mutations were constructed
by PCR mutagenesis methodologies (Ho et al., 1989), ’utiliziné
prime}rs ~containing the desired mutations for separate'
amplifications -in each direction from the mutation site, followed by
full length extension of the combined re}-a’nnealed products.
Construction of the bchC promoter mutant probes was pérformed
by D. Ma, and also used fér a parallel in vivo promoter analjsis (Ma
et al.,. 1992). The nucleotide sequence of each mutation was verified
by double-stranded sequencing. In a simililjclr manner; the entire

intergenic region between the opposing genes, crtD and crtE, was

amplified by PCR as a 200 bp fragment from pFL268, a plasmid
obtained from F. Leach and: M. Alberti. PCR amplifications were:
performed for 30 cycles, each consisting of a 1 min strand
-denaturation step 949C, a 1.5 min annealing step at 40°C, and 2 min
temperature ramp to a lmin, 720C primer extension step. Following

gel purification, these longer probes were end-labelled and isolated
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on a Sephadex G-50 column aé described above.

Mobility shift assays

R. capsulatus cells ‘were grown as des_cri.bed above and |
harvested by first cooling the vessel in an ice-water bath for 15
min while éontinuously sparging with the gas rhixture used- for cell
- growth. This was foilowed_by centrifugation for 15 min at 6000 x g
at 4°C. Each culture was resuspended at 4°C in 1% of its original
vofume in 50 mM Tris-HCI, pH 7.5, 25 mM KCl, 5mM EDTAV, 20%
(v/v) glycerol, 0.1% Surfact-amp non-ionic .surfacté.nt (Pierce), 1
mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride
(PMSF) (Sigma). Cell lysates were obtéined by either éonication or
one passage'thfough a French pressure cell at 13,000 psi. Large cell
debris and unbroken cells were removed .by centrifugation at 4500
x g for 10 mm Lysates were then divided into aliquots, frozen iﬂ
liquid N2, and stored at -70°C. Protein concentrat—ions ‘were
determined using a Bradford assay (Bradford, 1976). | |

'_ For mobility shift assays, 2 pl of [32P]-labelled DNA probe
(approximately 20 fmol) was added to a mixture of 8 pl non-specific
| competitor DNA and 10 ul cell lysate containing varying amounts ' of
protein. Unless stated otherwise, _thé competitor DNA sample
contained 500-fold excess :(b'y weight) of poly (dI-dC). For the
binding competition experiments, a 5 to 200-fold molar excess of
specific unlabelled competitor DNA was also 'included. After
incubation for 20 mi.n at room temperature, samples‘ were loaded
on a native polyacrylamide gel, run for approximately 4 h at 8 '

V/cm, and then visualized by autoradiography or exposure on a
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Molecular Dynamics Phosphor-Imager.

vPhophatase' treatment

Protein extracts were suf)jectéd to alkaline phdsphatase
treatmeﬁt according to the procedure of Simmons et al. (1986).
Alkaline phosphatase (type VII; Sigma) waS added to a 20 mM Tris,
5 mM MgCly solutions containing lysates or protein fractions and ,v
incubated at 30°C for 30 min. The pH of each solution was édjusied
to 7.6, 8.0, or 8.5 by the addition of Tris base, and the free EDTA in
the protein fractions was titrated out by additional MgCly. The
enzyme was introduced, both directly in the salt-stabilized form
‘and with prior dialysis, at levels ranging frorn 20 to 160 standard
units. For all experiments, parallel incubafions were carried out in

the absence of enzyme, as a negative control.
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II1I. Results

“A. A protein binds the palindrome sequence found
upstream of the crtEF and bchCXYZ operons in a

sequence specific manner.

~ Gel mobility' shift assays were performed with R. capsulatus
-extracts using »e-ithervshort synthetic oligonucleotides or longer
plasmid;derived DNA's as probe‘s‘v(seé Materials and Methods
section). - A stable DNA-protein c'omple){ ‘was observed on a natiVé
polyacrylzimide gel when cell lysates were incubated with a [32P]
" labelled double stranded DNA 31mer containing | a region found
upstrcain_ of the crtEF operon. Thié particular DNA contains an
examplé of the palindrOme sequence whi’ch is an exacf match with
the cpnsenSu-s palindrome found upstream of various pigment
biosynthesis operonis (Armstrong et al,, 1989). The _shiftéd complex
was resistant to competition by a large excess of non-specific DNA,
but was successfully competed away by a lesser amount of the
specific 31mer (Fig. 2-3). Protease treatment effectively eliminated
the shifted band. The formation of the complex with this small
probe which contains little DNA in addition to the palindrome
sequence, and the resistance of the cofnplex to excess sheared DNA
as well as to non-specific single and. double strand oligonucleotides,
.demonstrates that the complex is formed by a sequence-specific
DNA binding protein. |

The same type of complex formation was also observed when

a 200mer containing the 85 base _pair regulatofy region upstream
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of the bchCXYZ operon was used as a probe (Fig. 2-4). However, this
probe, which contains the o¢70- like sequence and AT-rich region as
well as the pal'indrome, appeared to bind protein much more
efficiently than the crtEF 31n£er. This ‘tighter binding did not appear |
to be due simply to better electrostatic contacts to a longer piece of
DNA, since the use of a 200mer containing the entire intergenic

region between crtD and crtE did not result in a greater proportion

of shifted counts. Both the crtEF 31mer and the longer bch probe

effectively competed with each other in the gel shift assay,

indicating that both probes bind to the same protein.

B. Effects of aerobic versus anaerobic cell  growth
conditions and other environmental factors on protein

‘binding

In order to directly compare the bindiﬁg efficiency of aerobic
and anaerobic cell extracts, R. capsulatus was grown under vigorous
aeration as described in the Materials and Methods section. After
hérvesting a portion of the culture for preparation vof an aerobic
extract, the remaining cells were shifted to anaerobic conditions in
the light and grown for an additional 60 min. During this interval,
cell growth is significantly slowed while the culture adapts to the
newly required metabolic conditions and genes for photosynthesis
are activated (Cook et al.,1989). Sampling the anaerobic cells
.during thfs adaptation period facilitates a direct comparison
between aerobic and anaerobic states, since the same culture is

used over ‘a short time interval to make both extracts.
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Under identical assay conditions with the bchCXY7 200mer
DNA probe, a higher yield of complex was obtained using the
aerobic cell lysate than using the 'shifted, anaerobic lysate (Fig 2-5).
This implied' that the compléx ma); function to fepress transcription
initiation at the bchCXYZ promoter under aerobic growth conditions.
However, no significant difference was observed between aerobic
and anaerobic lysates "'when the crtEF probes were used, despite the
vgreater induction of transcription observed at this operon upon
shifting to anaerobic growth coﬂditions (Armstrong,1989b; Fig. 2-1).

To test thc‘ possibility that the DNA -binding protein itself is
oxidized or reduced to alter its bind'inlg characteristics, incubations
were performed in reducing 6r oxidizing environments. Levels of
dithiothreitol as high as 50 mM produced no discernable difference
in binding pétterns, although complex formation was essentially‘
éliminaied with 100 mM DTT. Binding ‘was not éffectively altered
by the use of two common oxidizing ;agents,' hydrogen peroxide and
hydroxylamine. Also, no effects were observed upon the addition of
the divalent cations, Mg2+ and Ca2+, or ATP (with or without Mg2+).

‘Phosphorylation is known often to play an important role in the
regulation of transcription, both in eukaryotic systems (Baumann
and Hand, 1982) as well as- in the adaptii?e response of bacteria to
changing environmental demands (reviewed in Stock et al.,, 1989).
A classic example of a two-component system of regulation by a
phosphorylating kinase plus a DNA binding protein is nitrogen
fixation (Keener and Kustu, 1988). Phosphorylation has been
proposed by Taremi andr Marrs (1990) to regulate the switch

between activation and repression of transcription at the puf
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operon by binding in two different modes to a GC-fich palindrome
(which- bears no homology to the palindrome' upstream: of the
pigment genes). Using the phosphatasev as'say of Simmons et al.,
1986), no major change was observed in the fraction of probe
bound or the pattern of binding to the bchCXYZ 2001.ner' in this
study.

C. Importance, of the palindrome sequenée énd the AT-
rich region in protein binding to the bchCXYZ control
" region - A mutational analysis. | |

To identify which sequences were involved in complex
formaﬁon, binding experiments. were performéd using DNA probes
with a variety 6f mutations in the promoter region (constructs
shown in Fig. 2—6A). A gel mobility-shift assay using a DNA probe
containing a point mutation in the -35 region,df the ¢70-1ike
promoter produced a DNA-protein 'complex of identical mobility to
the one observed with the wild-type DNA sequence (Fig.2-6B, lanes
2 and 3). Therefore, the shifted band did not arise from the binding
of RNA polymerase to the c7o—like promoter.  Futhermore, this
complex did not appear to assembl.e with probes which contained
substitutions within either or both halves “of the palindrome
sequence (lanes 14-.12). In addition,‘ mutations in the AT-ri‘ch
region also had a deleterious effect on complex formation. Insertion
of a single G at position -41 within the AT-rich region hearly
abolished the s_hift_ed band, when the assay was performed at a‘
total protein concentration of 1.4 mg/ml v(1/4 x 02 lysate, Fig. 2-7A,

lanes 7-9). At higher protein concentrations, complex formation was
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still .observed, but at a lower yield ‘than found with the wild-type
| sequence (Fig. 2-7B, compare lanes 7-9 to 10-12). Similar results
were obtained with a truncated probe in which the entire AT-rich
fegion was .deleted. Finally, a probe containing the AT-rich region
valon'e was not able to bind‘ proteiri at either concentration (Figs." 2f

7A and B, lanes 1;3). These in vitro results suggest that op'timal

complex formation results from a cooperative binding of protein(s)
to both the palindromev'and the AT-rich region, since far less
complex was- observed When either o-neA of these elements was
~absent from the probe. | |

To further test the notion that a cooperative complex was
formed, a binding competition .experimént' was performed (Fig. 2-8).
Unlabeleci wild-type DNA competed ‘ef.ficien.tly with wild-type
labelled DNA such that, at a 50-fold inolar excess, only very little"
complex was ‘detected. in a .mobility-shift' experiment (compare
lanes 2-4, Fig 2-8). This control demonstrated that the specific DNA
binding proteins in the cell extract were limiting atvthevSO-fold'
probe level in this experiment. As expected, an unlabelled DNA-
fragment with a mutation in the -35 region valso effecti&ely
competed with the labeled probe (lane 5). However, DNA fragments
that either lacked the AT-rich region (lane 7) or contained
mutations in the palindrdme sequence (lanes 9-11) did nvo’t
effectively compefe for binding, even at 50-fold molar excess over
labelled probe. The competitions with a mutatioh in the only the
left half of the palindrome decreased binding by about 50% (lane 9),
indicating that the binding affinity of this altered sequence was

decreased by a factor of at least 10 compared to the wild type
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sequence. This was the best competing sequence of those with
changes in eithér the palindrome or the AT-rich region. This result
‘may mean that the right half of the palindrome is more critical to
conipléx formation than the left half, despite the fact that the left'
haif is an exact mafch with the consensusA sequence, while the right
half contains a mismatch. The AT-rich region alone (lané 8) or a
. DNA fragment which contained a G insertion in the AT-rich region
(lane 6) also failed to inhibit specific complex formation. Finally,
even when both the AT-rich region and the palindrome sequence
were introduced on separate DNA fragments at 50-fold excess, the
shifted wild-type band still formed (lane 12), demonstrating the

importance of the two sequences acting in cis.

D. Determination of binding constants using a
competition aSsay |

Various amounts of unlabelled specific probes were added to
the shift assay in order io determine minimum binding constants

for both the c¢crtEF 31mer and bchC wild type 200mer. This

competition assay assumes that no dissociation occurs in the gel
matrix itself, and therefore produces only minimum values for in

vitro bihding constants. If a single binding protein is assumed, the

following equilibrium is used to determine a binary binding
constant: . A
| DNA (D) + Protein (P) - K. DNA-Protein Complex (C)
in which K is the 'equilibri.um constant, equal to. [C] / [D][P].
Substituting the two mass balances: total DNA, Do =[D] + [C] ; and
total protein, Po = [P] + [C] into the equilibrium, [C] = K [D] [f] : | |
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. [C1 = K(Do-[C])(Po-[C])
To avoid the error associated with determination of the efficiency of
detecting the rvad_ioacti_ve label, only the fraction of counts shifted, f

= [C] / Do, was calculated for each incubation and substituted into

- the above equation to yield:

fDo= KDo(1-f)(Po-fDo), or
f/(1-f) = KPo - K(fDo)
In a-linearv plot of f/(I-f) versus fDo for various concentrations of
| probe DNA, the slope equals K, the binary -equilibrium binding
constant, and - the x-ihtercept equals Po, the concentration of binding

protein in the lysate.

Using the consensﬁs palindfome 31mer upsiream of the crtEF
~ operon as a probe, a minimum binding constant on the order of 107
M-1 (ie. 8 X 106 M-1) was obtained from such a plot. Using the
DNA fragment containing the bchCXYZ operon control region as the
probe, the binding of protein lappeéred to be approximately three |
orders of magnitude stronger with a binding constant of about 8 X
109 M-1 and a protein concentration of about 2-3 X 109 M (Fig. 2-
9. _ v o
Alternatively, if two proteins are contained in the binding
complex, the relationship becomes: |
£/(1-f) = - K (fDo)2 - K ( Ao+ Bo) (f Do) + K AoBo
where A and B are the two proteins, and the best quadratic is fit to
a plot of f/(1-f) versus fDo. In this case, the tertiary binding
constant for the bchCXYZ probe is estimated at 1.7 X 1018 M-1, the
limiting protein is still 2-3 X 109 M, and the other protein is

approximately twice that concentration. Of course, the data are not
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precise enough to discriminate between the one and two protein

cases on the basis of this type of plot alone.

E. Kinetics of protein binding

The kinetics of DNA-protein complex formation and
dissociation were examined using time-course mobility shift assays.-
Off rates for the complex were estimated using chasé experiments
in which a very large excess of unlabelled specific competitor DNA
was added at different time . points prior to loading the
polyacrylamide gel (Fig. 2-10). The results indicated that the
protein bound to the bchCX YZ fragment has a dissociation rate
constant of about 0.02 min-1. The complex association rate, although
too fast- to be measured directly, can be calculated from the
_- équilibrium constant times the reverse rate constant as
approximately 1-2 X 108 M-lmin-1. \ |

Also, it is interesting to note that an upper shift band also
forms, but only lipon longer incubation times, and that this band is
more resistant to competition by specific competitor DNA (Fig. 2- -

10).
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Figure 2-3. (A) Sequence of the crtEF" 31mer double stranded

DNA ohgonucleotlde probe. The conserved pahndrome region of the
sequence is hlghhghted in bold type. (B) 10% Native polyacylamide
gel electrophoresis (PAGE)‘ showing DNA-proteinA comp_lex formation.
Lane 1, [32P] end-labelled crtEF 31mer palindrome probe only; Lane
2, v-[32P] ATP plus 10 pl protein extract from a R. apsnlatus cell
culture grown under photosynthetlc condltlons, Lane 3, 1 fmol
labelled probe plus 10 pl protein extract Lanes 4-8 each contain 10
fmol labelled probe and 10 pl protem extract; Lane 5, also 1ncludes |

10x unlabelled crtEF 31mer probe; Lane 6, 100x unlabelled crtEF

probe; Lane 7, 100x molar excess of a double strand 57mer
oligonucleotide without the palindrome sequence; Lane 8 100x
molar excess of single strand non-palindromic 57mer DNA; Lanes 9-
11 each contain 10 fmol probe and protem extract concentrated 3-
fold by centricon; Lane 10 also includes 10x unlabelled crtEF probe;
Lane 11, 100x unlabelled crtEF probe. All lanes contain 250x7 by -

weight poly(dIdC) non-specific competitor. Note' Apparent single
strand bands arise from the short double stranded 31mer probe
even when the double stranded DNA is previously purified on a

native gel.

48



A 5' GATCGGGTGTAAGTTTCAGTTTACACAGATC
. CTAGCCCACATTCAAAGTCAAATGTGTCTAG 5

B

Well —--mmmeeee>

Shifted Band ->

crtEF
Double Strand ->
Probe

Single
Strands

ATP




Figure 2-4. (A): Location of the 200mer probes upstreém of
the crtEF and bchCXYZ operons. (B): 4.5% native‘ PAGE gel showing a
comparisdn of ‘mobility shift using crtEF and bchCXYZ 200mer
probes: Lanes 1-3 contain 10 fmol [32P] crtEF 200mer; Lane 1: 10 ul

of aerobic lysate (about 3.9 mg/ml total protein); Lane 2, a negaﬁiie
control with no pr'btein;. Lane 3, 10 pl of anaerobic/ photosynthétic
shifted lysate; Lanes 4-6 contain 10 fmol 32P bchCXYZ 200mer and
10 pl énaelf;)bic/- phbtosynthetic shifted lysate; Lane 4 also iﬁcludes |
100x unlabelled bchCXYZ 200mer as a competitor; Lane 6 includes

100x “unlabelled crtEF 200mer as 4a competitor. All lanes ‘contain

'400x by weight poly(dIdC) as a non-specific DNA competitor.
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Figure 2-5. In vitro mob_ivlity shift assay with cell lysates
from aerobic and shifted, anaerobic cultures. Equal molar amounts
of [32P]-labelled wild type bchCXYZ 200mer DNA probe Wefe
titrated with increasing concentra'tions of cell lysate from a -
bacterial culture grown under aerobic conditions and then shifted to
_anaerobic conditions for 1 h. On the 4.5% native PAGE gel shown, 1x
represents a total protein concentration of 5.6 mg/ml as’measuréd
in a Bradford assay. At the same total protein content, the aerobic
cell lysate ‘exhibited' an approxima;ely 2-fold higher binding affinity
for the probe DNA. Lanes 1-5: Use of aerobic cell lysate at 1/16, |
1/8, 1/4, 1/2, and 1x total protein concentrétion. .Lanes 7-11: Use
of anaerobic cell lysate at 1/16, 1/8, 1/4, 1/2, and 1x total protein
coh_centration. Lanes ,6_z‘1nd1 12: - probe DNA with no cell lysate
added. Note: At the highest protein concentrations, a considerable
fraction of the probe was retained in the wells (e.g. lanes 4, 5, and

11).
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Figure 2-6. (A'): Schematic showing mutations in the bchCXYZ

promoter -region. (B): In vitro mobility shift assay using bchCXYZ"

DNA probes incorporating mutations in the o70-like -35 region or
the palindrorhe region. Equal amounfs 6f wild type or-mutént [32P]-
labelled DNA probes were incubated with the same amount of cell
lysate (1.4 mg total protein/ml), and loaded on a 4.5% native gel.

, Each probe was tested against an aerobic (+)v'or shifted anaerobic (-)
lysate for complex formation. Lanes marked (0) cbntain only. the
probe DNA. Mutation of the -35 'regi‘oh of the promoter, did not

affect complex formation.
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Figure'2-7. In vitro mqbility shift assay using DNA probgs

derived from various deletion and insertion mutant bchCXYZ
promoter frégments. Equal amounts of wild type or mutant [32P]-
labelled DNA probes were incubated. with the same amount of cell
~ lysate and assayed on a 4.5% native PAGE gel. Each probe was
tested against ah aerobic (+) or shifted anaerobic (-) lysate for
complex formation. Lanes marked (0) contain only the probe DNA.
The migration of free probe varied due to the. length of the DNA.
(A): 1.4 mg total protein/ml in the binding assay; (B): 5.6 mg total

protein/ml in the binding assays.
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_ Figure 2-8. Conipetition binding assays betwee_n labelled

_ wild type bchCXYZ probe and unlabelled competitoi‘ DNA from .the‘
various mutant constructs on a 4.-5% native PAGE gel. Lane 1, free |
probe. Lane 2, 'complex ‘formed in the absence of specific competitor
DNA. A 50-fold molar excess of unlabelled DNA was added to an '
aerobic cell lysate to compete with labelled wild type DNA probe in
the binding of protein. Only DNA fragments with the wild type
sequence (lanes 3 and 4) or the -35 mutation (lane 5), both of _
which _‘co_n.tainvedv ‘an intact ‘AT-rich region"and palindromel sequ_ence,
efficiently ,competed for binding. InseftiO'n of a »single FG in the AT-
rich region -(lane 6) resulted in loss of ability to compete for
complex formation Neither the palinclrome sequence (lane 7) nor
the - AT rich region alone (lane 8) could successfully compete for

‘ blndlng Site spec1flc mutation of either the left or nght half of the -
pahndrome (lanes 9 or 10 respectively) or 31multaneous d1sruption
of both halves (lane 11) destroyed the ability of the fragment to
compete for complex formation Finally, even when the AT rich
region and the palindrome were present in the incubation nnxture
on separate fragments (lane 12), b1nd1ng to the labelled probe was

not 1nh1b1ted
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Figure 2- 9 Blndmg plot of f/(1-f) vs. fD, for the l_)_c_h_C_)LY_Z
wild type 200mer probe and lysate derlved from aerobically grown
cells. "f" is the fraction of probe bound in the DNA complex (shlfted
bahd). "Do" Ais ’t}he total concentration of DNA in the assay (bounﬂ_ ,
plus. free DNA)‘ The slopc of the linear (dashed line) fit to the data
is equal to -K, the inverse of the binary binding constant. The solid
line represents a second order polynomial fit, which is described by
the equation belbw the graph. The tertiary (two proteins plus DNA
probe) bivn.dingv constant equals the inverse of the_ coefficient of the

X2 term.
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Figure 2-10. A pulse/chase gel asvsay measuring DNA-
protein .complex binding kinetiés ’uéing. the bchCXYZ wild -type
200mer probe and a lysate derived from aerobically grown cells. }On |
- a 4.5% native PAGE_ gel: Lane 1, probe alone; Lane 2,' a 10 secénd
incubation prior to loading the gel; Lane 3, a 35 min incubation;
Lanes 4-6, total incubation times of 95 min; Lane 5, 75 min plus a
20 min chase with 100x coid probe; Lane 6, 15 min plus a 80 min

chase.
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IV. Discussion

A. The palindro‘me—binding proteinvappvea_rs to act as a

repressor of the bchCXY7Z operon in Lcapsulétus._

The binding of protein to the bbchCXYZ' DNA fragment in the
mobility shift assay is approximately 2-3 times as strong when an
aerobic cell lysate is used compared to the corresponding culture
shiftéd_ to anaerobic/ photosynthetic growth conditions. Coupled
With the result that such’ a. shift tbv anaerobic growth conditions
results in an increase in transcription of the bchCXYZ operon
(Armstrong, 1989b), the data indicate ‘that the palindrome sequence
binds a représsor of aerobic transcription. '

Second, the placement of the palindrome relative to the o70-
like prbmoter is I_nuc.h more cbnsistent with that of a repressor. "
Nearly all activator recognition sites associated with o70 promoters

in E. coli, with very few exception_s, are located upstream of the -35

‘region, and none has been reported in a position near the -10
fegion (reviewed in Collado?i'des et al., 1991). However, this
palindrome sequence straddles both sides of the -10 region, an
arrangement commonly occuring with prokaryoﬁc TEpressors
(Colladovides et al., - 1991). In this way, binding of a transcription
factor to the palindrome could presumably interfere with -utilization
of the -10 region by RNA polymerase.

Finally, the proposed role of the binding 'protein as a
repressor under aerobic conditions is consistent with the results of

an in vivo study (Ma et al., 1992) in which lacZ transcriptional
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fusions were constructed in a plasmid compatible with R_.
~capsulatus, and used to measure the effects of mutations in the
bchCXYZ promoter region. Although mutations in the right, left, or
both halves of the palindrome produced different basal levels of PB-
galactosidase expfcssion, the differential effect of shifting to
- anaerobic growth was markedly reduced in each case in which the
palindrome was disrupted. Since this. sfudy ‘measured only.
transcription from the bchC promoter region, it did not include the
effect of any read-through transcription from the upstream crtEF
operon. Further mutational analysis demonstrated that basal
transcription could be increased or entirely abolished by
appropriate change;s in the o70-like sequence, indicating that this
sequence is the 6n1y true functional promoter in this region,
although the palindrome does alter the efficiency of this promoter

(Ma et al., 1992). -

B. Evidence for possible multimer binding at the
conserved palindrome '

In many instances the formation of a second, higher band of
lower mobility - is observed in the gel-shift assay. This occurs with

both the crtEF 31mer and the bchCXYZ restriction length 'fragment

probes at approximately 60% of the mobility of the original shifted
band (Figs. 2-3B, 2-4B, 2-10). Although this upper band is generally
of lesser intensity than the primary shifted band with both of the
vabove probes, the upper band is the only shifted band visible when

the 200mer crtEF probe is used. Also, the formation of this upper

band isvkinetically slower than the lower shifted band (Fig. 2-10, |
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lanes 4, 5, and 6).

This upper pfotein-DNA band is usually present to a
relatively greater extent in older lysates, those which have
undergone a greater degree of manipulationv (precipitation and
dialysis, purification steps,_multiple freeze/ thaw cycles, etc.), and
when longér incubation times are used in the shift assay. This might
indicate that some degree of protein degradation is required for the
formation of this upper band, a somewhat unuSual occurrence since
degraded binding proteins nearly always reéult in lower shifted
bands, more mobile than that of the complex formed with the intact
protein. In this case, the presence of a second factof or a dimer of
an altered form of the original protein would explain the upward
shift. It is very unlikely that the upper band is just the result of a
conformational change, since it occurs with the small 3lmer as well
as with longer probes.

In additign, a singlbe lysate sample or partly purified fraction
(Chapter' 3) can produce larger amounts of the upper band by the
use of higher concentrations of glycerol, increasing the amount of
‘partly purified protein, or even adding largér amounts of vspecific
- probe. It is likely that the added probe is titrating the protein in the
lower band, permitting a weaker interaction to produce the upper
" band. . | ' |
| Whether this apparent multiple protein binding mode is just

the result of in vitro experiments, or if there is a parallel

- phenomenon in vivo with regulatory implications, is not known at

present.
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C. Toward a general model for transcrlptlon regulatlon

of pigment biosynthesis in R. capsulatus.

'f‘he' in _\m binding experiments in this chapter i(lien;tify'_ the
palindrome found upstream of various Api‘gment biosynthesis
operons as- a sequence-specific protein binding site. Furthermore,
| they suggest that the binding protein functions as a repressor of |
transcription under aerobic growth conditions, énd demonstrate
that the presence of an upstream AT-rich region greatly enhances
binding to this palindrome. These results are confirmed by in vivo
experiments with l_g_cl'fusion constructs, which also identified a
670-1ike sequénce‘as the funcional promoter for the bchCXYZ
operon (Ma et al.,1982) |

Recently, the sequéncing -of the entire 46 kb photosynthesis
gene cluster of R. capsulatus has been completed by M. Alberti and
J. Hearst (EMBL Data Library accession ‘_number Z11165). Analysis of
these data demonstrates that 570 like sequences are located.
upstream of at least three other pigment biosyﬁthesis operons (Fig
2-2B), that the balindrome sequence 1is also-found} upstream Aof
many pigment biosynthesis operons (Fig 2-2A), and finally that AT-
rich regions are located in all of the intergenic areas of the cluster R
'(Armstrong'et al., 1989). The anaerobic induction of the genes in
the carotenoid portion "of the cluster was studied using dot-blot
hybridizatibh to mRNA's by ‘Armstr_ong (1989b), who classifed each
operon as strongly inducéd (5-10 fold), induced (2-5 fold), or not
induced by the removal of oxygen (summarized in Fig. 2-1).

It appears that the o70-like sequences function as promoters
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~and confer constitutive expression on these genes.- The relatively
high basal expression from these promoters could facilitate
adaptation to anaerobic environments through the 'superoper.onkal_
organization of the photosynthesis cluster. By themselves, the &70-
like seqﬁencesseem to lack the information to confér' regulation of
transcription (Ma et al., 1992). This view is supported by two
additional observations in relation to crt gene expression. Two of

the ’putativ'e'c’m-like' promoters are located upstream of the crtD,

“and crtl genes (Fig. 2-2B). Like the bchC region, a conserved
palindrome séqﬁence is also found overlapping the -10 region of
crtD (Fig. 2-2B), a gene‘ whose transcription is also induced by a
shift to anaerobic conditions (Fig. 2-1). In contrast, only a very poor
match to the palindrome sequence could be found near the o70-like
promoter '~upsiream of c_r_tl (Fig.2-2B) and it is closer to the .-35
regioh than to the -10. Transcription of crtl is constitutive (Fig. 2-
1). Thus, when the c70-like sequence functions ‘alone, it appears that
it produces only constitutive gene expression.

In at least two species of purple photosynthetic bacteria, R
capsulatus and sphaeroides, (Armstrong et al., 1989; Lee and |
Kaplan, 1992), the same palindrome has also been reported.'
upstream of the puc operon, which encodes the structural
polypeptides of the LHII complex . This raises t'he‘ possibility that
the palindrome binding protein coordinates the transcriptional
regulation between LHII, the major pigment-prbtein cbmplcx of the
photdsynthetic apparatus; and the pigment biosynthesis enzymes.
In contrast, this palindrome does not occur in front of the puf or

' puh operons, a .finding which is consistent with the idea that
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pigment biosynthesis is regulated by a different transcriptional
mechanism from the one for these structural polypeptide operons.
The AT-rich region works together with the palindrome to regulate
‘éxpression of bchCXYZ. Since AT-rich regions‘are consistently
observed in the intergenic stretches of the photosynthesic geneA
clﬁster, they may play‘a géneral role in regulating transcription,
- perhaps vié local melting to accommodate the binding 6f additional
factors, facilitating the bending of the DNA, or by presenting a
" minor groove of distinct width (Nelson et al., 1987).

Finally, the third class of pigment biosynthesis voperons is the

highly induced group which includes crtEF and crtA. No o70-like
sequehces were evident in the promoter regions of these Operoﬁs,
but both contain AT-rich areas, as well as palindrome sequences
which are matches with the consensus sequence. In the binding
experiments using crtEF DNA probes, complex formation was much

weaker than with bchCXYZ, despite the supefior match with the

palindrome consensus. The observation that the crtEF 200mer only
forms the upper shifted band may mean that dimeric binding of
protein could be part of a method of transcriptional activation. Also,

while the in vivo results of Ma et al. (1992) showed that a mutation

in the left half of the palindrome produced higher (aerobic-like)
levels of transcriptidn c.onsi‘stent with a fepressor site, a mutation in
the right half resulted in reduced trahscription versus the wild
type, indicating a possiblé activator role fbr this site. Alternatively,‘
proximity to the -10 region has beern postulated to account for this
reduction (Ma et -al._, 1992; .Fig. 2-6A). Also, the left "repressor" half

of the palindrome is better conserved than the right in the other
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copies " of palindrofne found thvvroughout the gene cluster. It is
possible that the binding of the dimeric form of the protein to the
perfect match of the pali‘ndrome is weaker because it is transitory
and leadé to other events, such és acti‘vation of 'RNA polymerase, |
either directly or through a césCade of other factors, formihg
structures which are _nbt -stable in the gel assay. On the other hand,
repressor binding should be strong in order to compete effectively
with the polymerase. Oxygen tension could directly or indirectly
~affect the mode of complex formation.

The presence of imperfect (e.g. bchC) and even appafently
vestigial  (e.g. crtl) versions of the palindrome near the putative
vo'70-like promoters might mean that the palindromev;binding
activator/ repressor mechanism was the original promoter for these
genes. In that case, }constitut.ive-expression from a ¢70-like promoter
would be a more recent adaptation, providing an advantage in the
shift to aerobic growth “conditions through thev superoperonal

organization of the photosynthetic genes.
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Chapter 3: |
Isolation  of a Sequence-Specific DNA-Binding Factor
which affects Transcription of Pigment Biosynthesis

Genes in R. capsulatus
1. Introduction

An R. capsulatus DNA- binding factor was identified and
. characterized in Chapter 2. This protein was shown to bind in a
sequence specific manner to a DNA palindrome found upstream of

carotenoid and bacteriochlorophyll biosynthesis operons, using

- . competition assays, and mutations in the binding site. The presence

of an AT-rich region further upstream of the palindrome sequence
was also demonstrated to enhance binding in a cooperative manner.
Finally, the disruption ofvthis binding site was independently shown
to affect transcription in vivo (Ma et al., 1992).

* Unlike many of the more extensively studied transcription
factors, no overprbducing strains have been identified for this
pigment biosynthesis regulatory protein. The experiments in this
chapter descﬁbe the isolation of this 'protein_ of apparent. molecular

mass of 95 kDa. N-terminal sequence data are also presented.
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II.V Materials and Methods

Bacterial strains and growth conditions

The _R_._cap_éulatus _strain - used in. these expériménts was  B100
(Marrs, 1981). These R. capsulatus cells were grown under aerobic
conditions until a cell density of about 1.7 X 108 per ml was reéched
prior to harvesting or shifting to photoéynthetic growth conditions.
Photosynthetic cultures were then shifted to anaerobic conditions in
the presence of 500 W/m2 light prbvided by a bank of lumiline -
lamps for 60 minutes prior to hériresting. On the protein
‘preparéti‘vve"scale, dark, aerobic cultures were grown’ in 1 liter
covered glass vessels which were sparged with a mixture of
N2:02:C0O2 (80:20:2). To shift to anaér‘obic/ .photosynthetic
conditions, cultures were uncovered and sparged with a mixture of
N2:CO2 (80:2). Gas flow and compbsitidn were controlled using a
Matheson Gas Products Multiple Dyna-b‘lénder, Model 8219.
Growth rates were monitored on a Bausch and Lomb Spectronic 21
spectrophotometer. .. : X

E. coli DH5a cells were grown aerobically at 37°C on plates 6r
on a rotary shaker according to standard protocols (Sambrook et al.,

1989)

Recovery of protein.

&capsulatus cells were harvested by first cooling the vessel in
an ice-water bath for 15 min with continuous sparging with the gas
mixture used for cell growth, followed by centrifugation for 15 min

at 6000 x g at 4°C. Al further manipulations were pefformed at
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40C. Ea;:h culture was resuspended in 1% of its original volume in a
lysis buffer consisting of 50 mM Tris-HCI, pH 7.5, 25 mM KCl, 5SmM
EDTA, 20% (v/v) glycerol, 1 mM dithiothreitol, and 0.5 mM |
phenylmeth);lsulfonyl fluoride (PMSF) (Sigma). The 0.1% Surfact-
amp non-ionic surfactant (Pierce) in the original version of the
buffer was removed after it -was discovered that this anionic
surfactant (alkylphenol ethoxylate) contributed to a loss of DNA-
~ binding -activity as the protein is purified. Cell lysates were
obtained by one passage through a'French preésure cell at 13,000
psi. Large cell debris and' unbroken cells were removed by
centrifugation at 4500 x g for 10 min.

Initially, proteins were precipitated by adding finelyl,ground
ammonium sulfate (Bio-Rad; enzyme grade) to 65% of saturation,
| and the pellets spun down at 15,000 x g for 15 min and stored at
40C. For further use, the pellets were resuspended in the original
Tris lysis buffer and dialyzed over a period of Sh .against 4 changes
of a buffer éonsisting of 10 mM Tris-HCl, pH 7‘.5, 50 mM KCl, 2.5 mM
EDTA, 5-10% (v/v) glycerol, 1 mM dithiothreitol, 0.5 mM PMSF, and
0.1% Surfact-amp (Method A). Alternatively (Method B), the
original lysates themselves were just divided into aliquots, frozen in
liquid N2, and stored at -70°C for further use. In either case, protein |
concentrations were determined using a Bradford assay (Bradford,

1976).

Heparin-Agarose column
DNA-binding proteins in the cell lysates were fractionated

using a gravity column of heparin crosslinked to agarose beads
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,(Sigma, Type II). The.column bed vvo‘lume‘ used was roughly
equiv'alent. to the volume of crude lysate. The heparin_ column was
eqﬁilibrat_ed with 8-10 column volumes of a buffer conéistin‘g of 10
mM Tris-HCl,.pH 7.5, 50 mM KCl, 2.5 mM EDTA, 5% (v/v) glycerol, 1
mM dithiothreitol, 0.5 mM PMSF, and 0.1% Surfact- amp (column
| ‘buffer). The dlalyzed ammonium sulfate fractions were spun at
-6000 x g for 15 min to remove any undissolved material and loaded
directly onto the column. Alternatively, the crude lysates, 'whichv
had been_ frozen directly (Method B), were thawed 6n ice, diluted by
‘a factor of four to match the composition of the column buffer, and
spun twice for 15 min at 12,000 x g to remove insoluble material
prior to application to the heparin column. In either case, the .
column was then washed with 4-5 volﬁm’eé of the above column
buffer, and subsequently eluted stepw1se with the same column
buffer containing 225, 425, 700, and 1000 mM KCI, respectlvely.
Individual‘ column fractions were ass.ayéd fof sequence specific

binding activity using a gel mobility shift, as described in Chapter 2.

DNAeAffinity‘ columns

'Sequence‘ specific DNA-binding columns were prepared
according to the method of Kadonaga and Tjian (1986). Concatemers
of ‘the crtEF palindrbfne DNA (perfect consensus sequence) were
prepared by kinasing and ligating complementary synthétic 27mers
which contained compatible protruding ends (specificaily a BamHI
site). Tlhev yield aﬂd size of the concatemers were determined on a
2% agarose gel, prior to coupling 800 ug of the DNA to 5.0 g of

cyahogen bromide activated Sepharose CL-2B beads (Pharmacia)
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(Kadonaga and Tjian, 1986). In a similar manner, concatemers were
prepared from a 200mer containing the whole transcription control
region of the downstream bchCXYZ operon (including the
palindrome sequence). The approximately 150 pg of DNA used was
obtained from a 2.4 L plasmid preparationv (Sambrook et al., 1989)
of a pUC-18 construct containing blunt'-end ligated bchCXYZ 200mer
probe from Chapter 2. The construct (Fig. 3-1) was cloned in E. coli
vDHSa and screened on plates containing X-gal (Sambrook et al.,

1989). The insert DNA was recovered from a 4.5% native

polyacrylamide gel following restriction with Aval and BstEII (sites
engineered into the original PCR primers). These back-to-back
concatemers were coupled to 1.5 g of Sepharose as described above.
| The DNA-affinity columns were equilibrated with a buffer
consisting of 25 mM Tris-HCl,. pH 7.5, 75 mM KCl, 1 mM EDTA, 20%
(v/v) glycerol, 1 mM dithiothreitol, 0.1 mM PMSF, and 0.1% Surfact-
amp. Active binding fractions from thé heparin-agarose column
were pooled and diluted by a factor of 3 to match the composition
of the buffer used with this column. Before application to the
column, non-specific . competitor DNA, poly(dIldC) was added at
25pg/ml of sample. The column was washed with 8 volumes of the
buffer, and eluted stepwise with buffer cvontainivng 200, 400, and
1000 mM KCl.

Mobility shift assay and prep
" For analytical scale mobility shift assays, 2 pl of [32P]-labelled
'DNA probe (approximately 10 fmol) was added to a mixture of 8 pl

of non-specific competitor DNA and 10 pl of cell lysate or. protein
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fraction. Unless sfated. otherwise, the competitor DNA sample
contained 400-fold excess (by weight) of poly(dl-dC). The prqbes
“used in the assay were the end-labelled bchCXYZ 200mer and crtEF
| 31mer described in Chapter 2. For competition assayé, as well as the
preparative scale mobiﬁty shift, a 5 to 200—fold molar excess of .
unlabelled épecific competitor DNA was also included to increase
the yield of protein bound in the shifted band (although the fraction
of bound DNA is re;duced). In the case of the preparative scale band
shift, the source of the bchCXYZ competitor was the insert from the
- pUC plasmid prep described above used to construct the DNA-
affinity column. After incubation for 20 min at room temperature,
samples were loaded on a “native pblyacrylamidg gel, run for‘
app‘roximately 4 h at 8 V/cm, and then visualized by
autorédiography or }expos‘ure on a Mblecular Dynamics Phosphor-'

Imager. | , ' ;
SDS gel electrophoresis

Proteins were analyzed by an SDS- 10% PAGE gel using the
discontinous buffer sysiem of Laemmli (1970). Intact E. coli cells
were centrifuged and resuspended in 400 pl 1X sample buffer per
ml. Liquid samples were boiled for 2 min and quenched on ice.
‘Proteins were sgbarated on a 14 cm gel apparatus, anq visualized
. by the silver staining protocol of Morrissey (1981).
| Gel slices containing the shifted bands were excised from
preparative scale native mobility shift gels and incubated in the
denaturing sample buffer for SDS gels for 30 min at room

temperature according to the protocol of Cleveland et al. (1977) and
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stored at -709C. Upon thawiﬁg, these gel slices were insérted into
the wells of a Laemmli 10% SDS-PA_GE protein modified to include a
longer (4 cm) stacking gel (Cleveland et al., 1977), ovgrlaid with the
sample buffer, and run in the séme manner as described for liciUid
samples.

To obtain protein for N-terminal sequencing, an unstained gel .
was ¢1ectrob19tted overnight onto an Pro-BlottTM membrane,
according to the manufacturer's protocol (Applied'Biosystems,
Foster City, CA). The membrane‘ was stained with Coomassie Blue,
and the band of interest was excised from . the membrane and

sequenced.
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III. Results

A. Heparin-Agarose column fractionation, gel shift assay

The binding activity of the protein appeared to be only partly
‘recovered after ammonium sulfate precipitation and dialysié. The
original level of activity waé restored upon fractiohation of the
dialyzed lysate with the heparin column. Using either the short
crtEF oligonucleotide or lo‘nger bchC region probe, the binding
activity was recovered in column fractions eluted with 200-250
mM KCI in the buffér.‘Ih cases when an upper shifted band was also
observed in the origiﬁal lysdte (Chapter 2), it could be eluted from
the heparin-agarose column with 400 mM KCL Howcver, this upper
band can also arise later from the 200 mM t:ractionv-upon extensive
handling or long inc'qbation‘ times. It was further noted that .the
ammonium sulfate precipitation and dialysis steps could be
eliminated prior to use of the hepafin column without any
deleterious effects on fractionation or 'yield of sbecific binding
'activity, as long as the cell debris was »C'arefully removed by
spinning at 12,000 x g before loading thé crude material on the
column (see Materials and Methods section). |

Following fractionation on the heparin column, a rapid loss of
LQQQ binding activity was observed in the active fractions. This loss
was less pronounced with heparin ffactions derived from
photosynthetic lysates when compared with those derived from
highly oxygenated cultures. A study of variables indicated that this
loss of binding activity was dué to the presence of the surfactant (a

"Tritoh-type" nonionic, octylphenol-polyethoxylate). in the
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purification process. This loss of activity in column fractions was
only stopped when the surfactant was removed from the lysis
buffer as well as the column wash and elution buffers. After
heparin  column conditions were détermined on the analytical 4scalé,
a preparative scale column was run using 8 ml of lysate (from a 1 L

aerobic culture) (Fig. 3-2).

B. DNA-Afflmty columns

Use of the poly(crtEF palindrome) DNA- sepharose column only
enriched the binding activity by a small amount. Furthermore, a
high level of glycerol (45-50%) was required to effect protein_
binding to the column. As a result, binding activity was largely
shifted to fhe upper band described in 'Chapter 2. Unfbrtunately,
multiple passes tﬁrough this column did not result in isolation of a
specific 'proteih (Fig. 3-3, lane 4). The poly(bchC 200mer) column
produced a loss of activity, not Iherely a failﬁre to bind. This did not
appear to be a case of the activity remaining on the column, since
elution with salt levels as high as 2.5 M did not result in recovery of

~ binding activity.

- C. Preparative ‘band-shift

An alternate second fractionation step is a preparative
version of the band shift assay, itself. Active fractions from the

heparin-agarose column were run on the mobility shift assay with

labelled bchC DNA probe as well as specific and non-specific
competitor DNA (see Materials and>Meth<')ds section). Following

analysis of the native shift gel by phosphorimaging, the shifted
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band containing DNA-protein complex was: eX_cised from the gel. vTo
identify the shifted protein, a negative control lane was also run
cdnta’ining the same active heparin column eluate and polydIdC
non-specific competitor, but no b_cgg__probe. An unlabelled ‘gel slice
having the same mobility as the DNA—protéin complex was also
excised from this lane. Comparison of the excised gel siices with- and
without the ﬂDNA probe on a subsequent SDS-PAGE gel resulted in
~ the identification of 95 kDa protein, present -only _whén the probe
| v Was used, as the likely D’NA-binding factor (Fig. 3'3)T |

| Following this small scale experiment, a¢tiVe heparin-agarose
column fractions (from aerobic growth of cells) were pooled,
cdncéntrated from 12 to 6 ml on a Centricon-10 spin column at 40C,

and run on a 4.5% native polyacrylamide gel with the bchC 201mer

probe (with 25% specific competitor and 400x_ pélydIdC).

| D. Identification of a binding protein

FollowingA the preparative gel mo'bility shift, the excised gel
strip was denatured, and transferred to an LSDS-PAGE protein gel
which was subsequently electroblotted onto a membrane (see
Materials and Méthods section). The 95 kDa protein band was
removed and the N-terminal- amino acid sequence determined as:
-DIIDPT(D)PS(G)-(T)-(K), in which dashes represent undetermined
residues, ahd parentheses indicate residues determined with some
degree of ambiguity. This sequence is too short for any direct
homology comparisons with other factors (although a search of
protein data bases was performed). However, the sequence should

be long enough to permit- the construction of a DNA oligonucleotide
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probe for use in locating the corresponding gene.
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‘Figure 3-1. pUC-derived vplasmid used to overproduce the
bchCXYZ 200mer probe '
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PCR Primer
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Figure 3.2: Mobility shift assay of Heparin-Agarose colun_ih
fractionation, preparative scale. Note: more narrow fractions
(smal.ler volumés) were taken dround expected active eluates.
Numbers above the lane numbers indicate the volume of the

- assayed fraction (in ml).
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Figure 3-3: SDS-10%-PAGE, Lane 1, 10ul molecular mass
- standards: 20,‘43,. 67, 90 kDa.; Lane 2, 0.5 pul aerdbic lysate; Lané 3,
5 ul active heparin column eluate; Lane 4, 5 pl _active': eluate from
poly(crtEF) DNA-affinity column; Lane 5, 2 .ul molecular mass
standards; Lane 6, 25 fmol bchCXYZ 200mer DNA alone; Lanes 7-10,
‘bands excised froﬁl mobility shift gel of active heparin-agarose
_eluate; Lane 7. shifted band using 5x probe in the heparin gel;
Lanés 8 and 9, combined shifted bands, 2-10x probe in heparin gel;
Lane 10, negative control, no probe in the heparin gel ,band from

same Rf as the shifted band.
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IV. Discussion |

The yield of DNA-binding protein from thié preparatien was
enly 5 - 10 picomoles, which is near the limit of resolution for N-
terminal sequencing, 'but conéistent with the concentration of
binding protem calculated in Chapter 2. Unfortunately, the size of
this prep is also near the max1mum limit for resolutron by the shift
assay, and of course, no overprod_uc_mg strains for this protein are
available. The_‘strategy of using a prepar'ative band .shift ‘gel to
identify and isolate a prqtein present atb very low concentrations
was nnly viable because of the use of the heparin column as a first
step. This column generally segregates positively charged proteins,
specifically ones which bind poly-anions like DNA. Therefore, these
“proteins as a class are less likely ~than anionic proteins to
complicate 'reSolution in a subsequent native shift gel by migrating
toward the anode based on their own mobility. A"-I‘he other DNA
binding pr_otei.ns in the active heparin column fraction are subject to
competition from the large excess of v.non—specific DNA, while
sequence—specific binding factors are left to migrate with the
specific DNA probe. | | |

| Obtaining useful quantities of this protein in an active form is
-our ultimate goal. The sensitivity of the protein te even small levelé
~ of nonionic surfactant in a partly purified state appears to indicate
that th1s b1nd1ng factor is much more easily denatured as the
concentration of total protein is reduced.

Ideally, the use of a specific sequence DNA column should

effect isolation of the binding factor. In the case of the consensus

"palindrome sequence alone, the in vitro binding constant is much
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léwer than those of the eukaryotic proteins for .which th_c': procedure
was developed, and appears to be too low for an effective
separation. The larger binding site (bchC DNA) exhibits a much
- tighter affinity for the protein, however its use in a column resulted
in coﬁlplete loss of activity (see Results). This may be due to the
fact that protein recognition elements are spread out over a region
of about 75 base pairs, and crosslinks to the support are frequent
enough to disrupt of disturb most of the sites on the column. The
possibility of two different proteins or the presence of some
cofactor being required for binding was also considered. Under this
_scenario, each factor could be separately released at different salt
concentrations. The use of a single high salt elution to release all
bound proteins still did not produce an active eluate, indicating that
the situation was not quite that simple. It is still possible that the
column separates the binding protein from a required cofactor, but
‘perhaps this occurs at the initial binding stage, and may be due to
' the conformational constraints placed on the DNA by being
crosslinked to th‘e column support. | | »

For future work, an alternate type of poly(bchC-200mer) DNA
column should be constructed in which the active DNA concatemer
is ligated in situ to compatible DNA previously. crosslinked to the
support. This would provide unhindered sites available for protein
binding. Also, if denaturation of the factor. at low total protein
‘concentrations continues to be a problem, the addition of excess
carrier protein (BSA, etc.) or DNA to all column wash solutions

should be considered as ways of s’ta'bilizing the'binding factor.

89



Chapter 4 : _
In vitro Expression of Lycopene Cyclase‘ and beta-

Carotene Hydroxylase from Erwmla herblcola

1. Introduction

:Erwinia herbicola is a nonphetosynthetic gram-hegative bacterium,»'
related to the common enterobacterla such as E. coh but found in a
w1de varlety of environments. Many strams of this bacterlum are
found as plant pathogens some of Wthh are capable of providing
' nucleati'on sites for ice erystal formation on plant tissues, thereby
promoting frost damage to crops andvv‘othe_r plants 7('OrSevr _et al.,
1985). Some ErWihia strainé li\.'ingv on._ exi)oéed-plant. surfaces
A'produce pelar, yellow colored pigments "which_ were proposed .te be
glycosylated carot_enoids' by- Starr (1981). All the genes required to
produce these pigment‘s have been ,clened from - the ﬁ herbicola -
strain 'EheIO as a single 12.4 kb chfomOsomal fragment in a cosmid
4'11brary and actively -expressed on. a plasmld in E. coli by Perry et al.
(1986). The resulting yellowv E_._l were afforded protection against
near-UV light and photo;ensitizing agents, eonsistent-'with the
pigments being carotenoids (Tuveson et al., 1988). These pigments
were later definitively charztcterized in both Er. herbicola (Hundle
et al., 1991) and the related Er. uredovora (MisaWa et al., 1990) as
mono- and _diglucosides of zeaxanthin and cryptoxanthin, natural

carotenoids of almost unique polafity. It was also confirmed that
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the 12.4 kb cluster from Er. herbicola contains all the genes
required for carotenoid production from /the last isoprenoid
condensation onward (Hundle et al., 1991), and_-a logical pigment
biosynthesis pathway was proposed (Fig. 4-1).

- The earlier steps of ‘the carotenoid biosynthetic pathway
leading to the first C4(¢ carotenoid, phytoene are conserved across
~all carotenogenic organisms. Thesé enzymes utilize soluble,
phosphorylated substrates, and the enzyme activities for several of
these reaction steps have been isolated in vitro from a variety of
organisms . However, the subsequent enzymatic activities in the

carotenoid pathway utilize lipophilic substrates, and their activities

have proved. difficult to isolate in vitro. Most of the enzymes for
carotenoid biosynthesis after phytoene appear to bé -membrane
bound, often in specialized photosynthetic membranes, and have
been postulated to be clustered into a multienzyme complex (Beyer
~ et al., 1985). Due to the paucity of observable intermediates in the
plant and fungal systems studied, it has been proposed that the
carotenoid substrate may be channeled through this multienzyme
complex (Beyer et al., 1985; Candau et al., 1991).

No individual enzymes catalyzing the conversion of phytoene
to the more abundant later carotenoids have been isblated and
reportéd to date. However, certaih individual reactions, such as
cyclization, have been studied in felative isolation by the
manipulation of cofactors (primarily O2) to inhibit other enzymes in
a crude isolate (Beyer et al., 1989). The combined carotene
desaturation and cyclization activities have been demonstrated in

vitro from the collection of membrane bound enzymes solubized
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from Narcissus pseudonarcissus (daffodil) chrbmoplasts and
reconstituted into liposomes (Beyer et al., 1985). These enzymes are
responsible for the mﬁltiple dehydrogenations, isomerizations, and
cyclizations which convert phytoene to the end product, B-carotene.
The preferred substrates for cyclization to P-carotene in the
daffodil system were lycopene isoineré containing cis double bonds
at the 7 and 7' positions, and NADPH was found to be an essential

.cofactor (Beyer et al., 1989) and (Beyer et al., 1991).' In the fungus,

Phycomyces blakesleeanus, evidence of an enzyme aggregate

containing two cyclases which convert lycopene to PB-carotene via y-

carotene has been reported (Candau et al.,, 1991)."
The hydroxylation of B-carotene utilizes molecular QXygen, as
.demonstrated by 1802 labelling (Yamamoto et al., 1962) and

(McDermott e—t al., 1974). In vitro 'experiments indicate that

membranes of the cyanobacterium, Aphanocapsa, accomplish the

hydroxylatién of B-carotene using an 02  dependent
mo.noox‘ygenas'e', and that the reaction is stimulated by NADPH
- (Sarldmann and Bramley, 1985).

Due to their compatibility with E. coli, and ability to be

actively expressed in vivo without the presence of a specialized

membrane, the Erwinia gene products hold the promise of being a
viable non-photosynthetic alternative for the study of carotenoid

enzyme biochemistry. The c¢crtE ,crtB, and crtl genes have been

mapped to sequenced open reading frames in the Erwinia cluster
based on amino acid homology with the analogous genes in R.

capsulatus (Armstrong et al., 1990b), despite an estimated 1.1

billion years of evolutionary separation (based on 16 S rRNA
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comparisons, Wilson et al.,, 1987). The various later enzymatic steps, -
including cyclization and hydroxylation, have been assigned to
specific loci 'within the Erwinia carotenoid gene cluster v_ig
mutagenesis, 'an»dv this cluster has. beeﬁ sequencedv in both Er.
herbicola (Alberti and Hearst, EMBL submission M87280) and Er.

uredovora (Misawa et al., 1990).

Using the sequenwced DNA from Erwinia herbicola as an
amplification témplate, very specific plasmids have been

constructed to permit expression of the enzymes, lycopene cyclase

and B-carotene hydroxylase, in E. coli under the control of an
inducible T7 RNA polymerase promoter. The experiments in this
chapter demonstrate the separate in vitro activities bf these two
enzymes to cyclize the termini of lycopene to form B-carotene, and

to oxidize B-carotene to zeaxanthin.
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‘Figure 4-1. Biosynthesis of carotenoids in Erwinia herbicola,
‘general pathway from Hundle et al. (1991). The assignment of the
crtB aﬁd crtl loci was based- on amino acid homology with the
corresponding gene products in R. capsulatus (Armstrong et al,
1990b; Alberti and Hearst, EMBL submission M87280).

Characterization of the crtX, crtY, and crtZ loci was determined by

identification of products accumulated when each locus was

deactivated by mutation (Hundle et al., 1991).
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Figure 4-2. Construction ‘of- plasmids pAPUY and pAPUZ. Ap
repres-ents the 'émpicillin resistence gene. crtY is- the ‘Erwinié
herbicola lycopene cyclase gene. crtZ is the E. herbicola B-carotene
hydroxylase gene. Upstream of the inserted gene at an appropriate
distance is a T7 promoter and - Shine Dalgarno sequence.

Downstream of the insert is a strong T7 terminator.
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II.  vMaterialvs and Methods

Organisms and growth conditions
The E. coli strains carrying the Erwinia herbicola genes

contained on plasmids pAPU211, pAPUY (Fig. 2A), and pAPUZ (Fig.

| 2B) were grown at 37°C in LC medium, by selection for ampivcilllin‘
~ resistance using 100 pg/ml ampicillin (Sigma Chemical Co., St. Louis,
MO). |

~ PCR amplification of the crtY and crtZ genes

The Erwinia herbicola lycopene cyclase (crtY) and B-carotene

hydroxylase .(crtZ) genes were amplified separately via polymerase

chain reaction (PCR) using Thermus aquaticus AmplitagTM DN A
polymerase (Perkin Elmer Cétus, Emeryville, CAS in 100 pl of the
standard buffer (Saiki et al 1988) and (Loh et al., 1989). The N-
terminal primers (crtY-n= 5'- GAGAGCGTCATATGAGGGATCTGATTTT-
A, and crtZ-n= 5‘-CGCGCACCCATATGCTAGTAAATAGTTTAATC, 1pM)

each contained an Ndel restriction site to permit the ligation of the

amplified gene directly into the translation start sité of the pET-3b
express1on vector (Studier et al., 1990). The two C-terminal primers
(crtY-c= 5'- GGCCACCAAGATCTGCGCCAATCACAAC and crtZ-c= 5'- .
TGCCATGCAGATCTCGGCACCGGGGCAGG, 1uM) were designed to
hybridizé t.o a region immediately downstream of the gene, and. to
each contain a Bglll site in order to permit insertion into the BamHI
site of pET-3b. Linearized pAPU211 plasmid containing the E.
herbicola carotenoid gene cluster was used as the template (0.84 ng,

or 1.0 pM concentration) for both amplifications. Because insertion
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of the restriction sites reduced the homology of the primers.'to the
originai template, an annealing . temperature of 450C was used for .
the first five cycles of amplification, with 550C being employed in
subsequent cycles. The aniplification cyé_le was as | follows:
.denaturation at 949C: for 1 min; annealing for 1.5 min ‘as described
‘al.)ove; extension at 720C for 2.5 min. Amplifiéations were
perfbrmed for 30 cycles, and the products were digested with Ndel
- z@nd Bgl II and extracted from an. agarose gel slice and precipita‘ted

with ethanol.

Plasmids, cloning techniques . ,

Plasmid pAPU211, was derived from pPL376 (Perry et al.,
1986; Hundle et al., 1992a) and c0ntain‘s.the essential L'herbicola
genes for carotenoid production. Plasmidsv pAPUY and.pAPUZ‘ (Fig.
4-2) were constrﬁ’cted by ligating PCR amplified crtY ahd crtZ, |

respectively, into the Ndel and BamHI restriction sites of the pET-

3b vector (Studier et al., 1990). The plasmids were each cloned and
maintained in E. coli DHSq' cells. Clones confaining pAPUY and
pAPUZ were screened by the rhini-prep method of Riggs and
McLachlan (1986). Nucleic acid and enzymatic manipulétiohs were
performed according to standard published vprocedures (Sambrook
et al., 1989) or manufacturers’ protocols, and with th_é technical
‘assistance of B. Hundle. For the ovéréxbression of 1ycopene cyclase
| ‘and B-carotene hydroxylase, ‘each plasmid was transforméd into E.

coli BL21(DE3).

- SDS gel -electrophoresis
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Induced proteins were analyzed ‘by an SDS-10% PAGE gel
using the discontinous buffer system of Laemmli (1970). Intact E.
coli cells were centrifuged and resuspended in 400 pl 1X sample
buffer per ml. Samples were boiled for 4 min and quenched on ice.
.Prot.eins were separated in a Bid-Rad minigel }apparatu_s, and
visualized by staining-' the gel with 'Coomassie Blue R250 and’
destaining in a solution of 40% methanol, 10% acetic acid, and
-water. |

To obtain vproteins for N-terminal _sequen_cing,' ‘an unstained
gel Was electroblotted onto an Imr'nobilonTMv vvmemb.r,ane, accordihg
to the manufacturer's protocol | (Immobilion Tech Protocol TPOO6,
Millipore Corp., Bedford, MA). The membrane was stained with
Coomassie Blue, and Bands of iniérest were excised from the

membrane and sequenced.

.Substrate Materials

All-trans-lycopene, 7,9,9',7'tetra-cis-lycopene, 35,5'di-cis-
lycopene,as well as §-carotene were kindly provided by Hoffman
La-Roche (Basel', Switzerland). All-trans- B-carotene was obtained
from Sigma Chemical Co.(Svt. Louis, MO). y-Carotene was isolated

from Chloroflexus aurantiacus.

Preparation of enzymé “extract: )
E.coli BL 21(DE3) cells containing the plas_mid pAPUY . or
| pAPUZ were grown to a cell density of about 3.5 X 108 per ml and
induced with 0.4 mM isopropyl B-D-thio-galactopyranoside (IPTG)

for 30 min. at 370C. To account for difficulties in the reproductioh
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of enzyme activities (associated with misfolding of the over
produced proteins, see beloW), inductions were" als_o performed at
150C and for shorter (minimal 10 min) and longer (maximal 3.5
hours) periods of time. For the preparation of enzyme extracts
(Method A), .cells were pelleted, frozen in liquid nitrogen, and
théwed on ice. All further steps were carried out at 49C unless
otherwise stated. The pellets obtained from 200 ml cultures were |
washed and suspended in 3 ml Buffer A (0.2M Hepes, pH 7.0, 1mM
EDTA, 1mM PMSF), aliquoted (1ml), and allowed to stand for 30
min after the addition of 0.100 ml of a lysozyme solution (1mg/ml).
A low-pressure French Press passage (4000 psi) completed
disintegration. This lysate was used directly for incubations with
carotene substrates - or submitted to fractionation. A 15 min
centrifugatioh at 13,000x g Was }used to remove large debris as well
as inclusion bodies, and a subsequent centrifugation of the
supernatant at 120,000x g for 1.5 hours yievlded a soluble fraction
and. a membrane pellet. The membrane pellet was resuspended in
the original volume of buffer, and both fractions were incubated
‘separately. _ |

Alternatively (Method B), the induced cells were washed in
Buffer B (100 mM Tris HCI, pH 7.4) and disintegrated by use of a
French Pressu.re Cell at 15,000 psi. Fractionation was performed as

outlined above, but in Buffer B.

Enzyme assays »
Samples of the individual carotene substrates (5 nmol)

dissolved in 20 pl aceione were added to 1 ml enzyme assays. The
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cofactors examined. in the hydr_oxylase assays were NADPH, NADH,
FAD, ascorbate, 2-oxoglutarate (1 mM} each), and Fe2+ (ZOuM). An
enzymatic oxygen trap, according to the method of Lam and Malkin
(1982), wa's. used to stimulate the reactidn, based on results
involving the cyclase reaction in Narcissus pseudonarciséus
chromoplasts (.Beyerk ef>a1.,1989). The vreactions were stopped by'v
extracting with chloroform/ methanol (2:1 v/v) after an incubation
at 280C, performed for 8 hours, if not stated otherwise. The éxtracts
were dried under 'a> stream of nitrogén, and analyzéd be HPLC
employing an ET 300/8/4 Nucleosil 5C18 Column  (Macherey-Nagel).
The ’col'\umn was developed isocratically with 5% tetrahydrofuran in
acetonitrile at a flow rate of 1 ml/min. The, ehzyme assays were

performed in collaboration with P. Beyer.
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11, Results

A. Cloning of genes and. over-production of proteins -
The plasmid constructs, pAPUY and pAPUZ, are outlined in

figure 4-2. PCR-amplified Erwinia herbicola DNA containing crtY or

crtZ was inserted"imme,diately beyond the T7 prombter and Shine
Dalgarno sequence of the pET-3b expression vector. A @10 T7
termination signal is located downstream of the inserted DNA.
Following an initial screening of colonies by plasmid size, restriction
patterns were used to verify the identity and orientation of the
inserts (Figs. 4-3A and 4-3B).

These pAPUY and pAPUZ constructs were each maintained in

E. coli DHSa cells, and the crtY and crtZ genes expressed separately

in E. coli BL21(DE3) via induction with IPTG. The accumulation of a
new 43 kD protein was observed on a 10% SDS—poly/acrylamide gel
(Fig. 4A) ﬁpon induction of pAPUY with IPTG. The calculated
molecular Weight ‘based' on the derived amino acid séquerice of the
protein is also 43 kD. The identity of this band as the crtY g‘ene‘
producf was ‘confirmed by N-terminal amino acid sequencing.
Likewise, the accumulation of a newly formed 22 kD proteih was
observed on a 10% SDS-polyacrylamide gel (Fig. 4B) upbn induction
of pAPUZ with IPTG, élthou'gh the amount of expreésed protein was
-considerably less than that of the cyclase under the -same
conditions. The calculated molecular weight ba‘sevd on the derived
amino acid sequence of the hydroxylase enzymé is also 22 kD, and
the ‘idéntity' of this band as the crtZ gene product was confirmed by

N-terminal amino acid sequencing. While the expressed proteins
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are present as major bands in the induced cells, uninduced cells
also showed traces of these proteins due to the basal activity of the

T7 RNA polymerase (Figs.4-4A and 4-4B).

B. In vitro enzymatic activity of proteins

Extracts from E. coli strains containing the overexpressed

proteins were assayed in vitro for their individual activities.

Hydroxylase activity could be obtained when cells were grown at
159C and induced for 10 h at the same vte’m‘pe.rature. Figure 4-5
- shows an incubation of the _lysate (Method A), [Serformed' in the
absence of any externally added cofactors. The formation of
zeaxanthin, as well as the formation of some intermediate
c'ryptoxanthih was observed. Structural identity was demonstrated
by HPLC, both by C6elution with ‘- the authentic reference, and with
the: aid of the congruent épectra taken with a photodiode arréy
detector. In  fractionation experiments, the enzyme activity was
found in the sﬁpernatant of the 120,000x g centﬁfu‘gation, ‘wheras
the membrane fraction was inactive. Moreover, the membranes
were actually vfound to be inhibitory, since remixing of the
supernatant with incréasing amouﬁts of membranes back to the
original content abolished the original activity completely. This is
qualitatively shown in figure 4-6. The P-carotene hydroxylase
reaction proceeded in the absence of externally added cofactors;
however, electron donors, such as NAD, NADPH, and also ascorbate

were able to stimulate the reaction.

~Although massively overproduced (see Fig. 4-4A), and more
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hydrophilic based on its amino acid composition (Fig. 4-8A), the
lycopene cyclase exhibited less enzymatic activity than the PB-
carotehe hydroxylase. In addition, .the cyclase activity was less
reproducible. This could not be improved upon, either by numerous
variations in the induction regime, or by fractionation of the cells.
Anaerobic conditions administered by the use of an enzymatic
oxygen trap, while essential for the function of the Narcissus
pseudonarcissus cyclase _i_rlm.(Beyer et al., 1989), had no
- stimulative effect on this Erwinia system. When extracts from E. coli
strains containinAg pAPUY were assayed for in vitro lycopene

cyclase activity by incubation with various lycopene isomers, all-

trans-lycopene was found to be the only acceptable substrate for

this Erwinia cyclase. An example of the conversion of all-trans-

lycopene into all-trans-f-carotene in a cell lysate (Method B),

obtained after 20 min induction at 379C, is given in figure 4-7.
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Figure 4-3. 0.7% Agarose gels showing DNA used. in cloning
enzymes from E. herbicola: (A),. lycopene cyclase (CrtY): Lane 1, DNA
size standards; Lane 2, PCR- amplification pro'duct, digested with
Ndel and BgllIl, used as insert; Lane 3, pET3b veétor digested with
Ndel and BamHI; Lane 4, uncut pET3b (nicked and supercoiled

forms visiblc); Lane 5, uncut pAPUY construct (nicked vand
supercoiled); Lane 6, Aval digest of 'pETSb; Lane 7, Aval digest of
pAPUY; and (B) B-carotene hydroxylase (CrtZ): Lane 1, DNA size

standards; Lane 2, PCR amplification prodﬁct, ~digested with Ndel
and QgII_I Lane 3, pET3b vector digested with Ndel and BamHI;
Lane 4, uncut pET3b (nicked and supercoiled);'Lané 5, uncut pAPUZ
(nicked and supércoiled);_Lane 6, Pstl digest of pET3b; Lane 7, Pstl
digest of pAPUZ. - o - |
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Figure 4-4. 10% SDS-PAGE gels showing expression in E. coli
of: (A), lycopene cyclase; and (B), B-carotene hydroxylase. In each
gel: Lane 1, protein standard markers of molecular mass 94, 67, 30,
20.1, and 14.4 kDa; Lane 2, total protein from uninduced whole E.
coli cells containing the plasmid bearing the gene; Lanes 3 through

6, increasing amounts of total protein from induced cells.
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Figure 4-5. HPLC analysis of an incubation of an E. coli cell lysate
(Method A) containing the overexpressed P-carotene hydroxylase
with B-carotene as the substrate. Refer to materials and methods
for the incubation conditions. 1, B-carotene; 2, B-cryptoxanthin; 3,
zeaxanthin. (A), substrate (B-carotene) co—incubatéd in the presence
of denaturing amounts (2 vol.) of CHCl3/MeOH (2/1,v/v) as a

control. (B), analysis of the enzymatic conversion.
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Figure 4-6. HPLC analysis of an incubation of an E. coli
supernatant (A), derived from a ceil lysate (Method B) with B-
carotené; (B), conversion after readdition of 25% of the original
membrane content; and (C), after readdition of 50% of the original

membrane content. 1, B-carotene; 2, zeaxanthin. Cofactors are

NADPH, NADH, FAD, ADP, Pi, 1mM each.
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Figure 4-7. HPLC analysis of an incubation of an E. coli. cell lysate
(Method B) containing the overexpressed lycopene cyclase. (A),
substrate (a-ll—trans-lycopene‘) co-incubated in the presence of

;de_naturing'-amounts (2 vol.) of CHCl3/MeOH ,(2/1,v/v)‘ as a control.

(B), analysis of the enzymatic conversion: 1, all?trans¥lycopene; 2,

B-carotene.
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 Figure 4-8. Hydropathy profile for the deduced amino acid
‘sequences of: (A) CrtY (lycopene cyclase); and (B) CrtZ (B-carotene
hydroxylase). The curve above the midline represents
-« hydrophobicity and below repreéents hydrophilicity. The computer
| generated profile was determined using a moving window of 19
| amino acid residues as recommended by Kyte and Doolittle (1982).
A hydropathy index of +1.6 or greater for a segmeht containing at

least 19 amino acids is indicative of a membrane spanning region.

118



98¢t

IDQUINN aNpIsoy

0oL 08 0

=

0st o&m 0s2 .oﬁww om_.

‘ dii,.f W

-00°¢-

~00'¢-

|-00't-

0070

{ 001

00¢

BN

xapu] AyredoipAy

119



13quInN anpIsoy | |
oL1 0L seb o0k S 0 62 0
B - - ¥ ﬂ.. = ; 7 N | o oo-vl

1 00'¢t-
60'c-
60’t-

000

00'L
00'¢

00°¢

Xapug AyredoipAy
120



IV. Discussion

Both the lycopene cyclase and the B-carotene , hydroxylase

from Er. herbicola were able to be overexpressed in E. coli in this

study, although much of the cyclase protein ended up in inclusion
bodies. Both overexpressed enzymes exhibited some degree of in

vitro activity in cell-free lysates, unlike the previous attempts to

achieve in vitro expression using post-phytoene biosynthesis
enzymes derived from other organisms. In our results, each of the
two enzymes could act separately and process exogenous
substrates, indicating that neither the clustering of the carotenoid
biosynthesis enzymes nor the chanhelling' of intermediates was
required, as had been proposed (Beyer et al., 1985; Candau et al.,
1991). Upon fractionation, in vitro B-carotene hydroxylase activity
was found to be localized in the high speed supernatant, while
lycopene cyclase activity did not appear to segfegate (see Results).
The levels of activity of both enzymes were found to be fairly
low, particularly that of the lycopenme cyclase. This result was not
unexpected, considering the fact that both enzymes require
extremely hydrophobic substrates which are introduced into a
basically aqueous environment. In addition, prolonged incubations
also led to significant bleaching of substrates and products, as
expected. In ‘an attempt to optimize enzyme activity, a variety of
conditions were employed in both the induction périod and the in
vitro incubation step for each enzyme. Variables studied in the

induction regime include time of induction, growth temperature,
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and cell density at the onset of induction. In arr extensive
manipulation of fthese variables, the enzymatic activities were not
always found to be reproducible, probably due to the misfolding of
the oVerpr’oduc‘ed"protei'ns. '

The enhancement of B-carotene hydroxylase activity upon the
addition of elect:ron donors (see Results) is co.ns'istent with a mixed-
function oxygenase mechanism for carotene hydroxylation in which
O3z is first reduced to a more reactive species (e.g.. a bydroperoxide).
‘However, the presence of the vhydroxylase activity in"the high-
speed supernatant instead of the membrane fractlon was not
expected, in the llght of earlier studies in which the late steps of
carotenoid biosynthesis were l_ocalized in the membrane (Beyer et
al., 1985; Sandmann and Bramley, 1985; Beyer et al., 1991). Also, a |
hydropathy plot of the amino acid sequence of this enzyme
1ndicates the presence of several reglons of considerable
hydrophobiclty (Fig. 4- 8B), consistent w1th an enzyme which is
~likely to ‘be membrane bound. The inhibitory effect of the
membvrane itself may indicate that these complicated redox
reactions could be severely 'disturbed.upon ly;sis when localized in
~an inappropriate topological relation to another dominating redox
vphenomenon such as the respiratory chain. |

All-trans-lycopene was found to be the only acceptable in

vitro substrate for this Erwinia lycopene cyclase, in contrast to the
‘findings with Narcissus pseudonarcissus chromoplasts (Beyer et al.,v
1991) which only converted - prolycopene or other cis-isomers of
lycopene to B-carotene. The Erwinia cyclase protein itself is not

particularly hydrophobic (Fig. 4-8A), and might have been expected
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to have been more active in vitro than the hydroxylase. However

cyclase overproduction in E. coli results in an enormous amount of

protein being removed in an inactive form in inclusion bodies,
which might explain the loss in activity. In fact, activity.coul.d be
obtained only with the use of short induction times to minimize the
production of excess protein and the resulting partitioning of
protein into inclusion bodies. | |

The E. coli system, although very well suited for the

overproduction of protein, may not be the ideal vehicle for lthese in
- vitro biochemical investigations of the cyclase and hydr_oxylzisé
- reactions. Therefore, the “development of more sophisticated
strategies as well as additional incubation systems will be pursued
in the future, to bet_tei elucidate these enzyme mechanisms. Taking
advantage -of the similarity between the Erwinia strains and E. coli
in their regulation of transcription, one strategy for studying these
enzymes wbuld involve introducing the plasmid-borne genes -back
into Er. herbicola wild type and/or mutant strains and using an

Erwinia-based in yvitro system.
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Chapter 5 :
- Expression and Characterization of Functionally Active

Zeaxanthin Glucosyltransferase from Erwinia herbicola

1. Introduction

Numerous hydrophobic compounds ‘are converted to more
water soluble products via condensation with activated glucuronic
acid or an »activatedvsugar'_. The enzymes catalyzing such
cOndcnsation reactions are ki)oWn as glucuronosyl- or glycosyl-
transferases and have been studied most e.xtensively in xen'obioticv:'
‘contexts. The lipophilic substrate for such an enzyme must have an
appropriate substituent, typically a .hydroxyl or carboxyl group,
which can be covalently modified via giycosylation. In ‘mammals,v
UDP-glucuronosyltransferase is primarily a liver microsomal
enzyme which catalyzes the transfer of giucuronic acid from UDP- |
glucuronic acid to mahy endogenous substances such as steroids,
~ bilirubin, thyroid hormones or amines. This condensation red_ction is
of critical importénce. in the removal of many exogenous
compounds, such as drugs, food additives, pesticides, and other
ingested cbmpounds, which may be foxic or carcinogenic (Dutton,

1980).

In plants, glycosylation of flavonoids is common. It is most
widely studied in citrus fruit. The bitter taste of grapefruit is due to
the presence of flavanone-neohesperidosides, whereas the isomeric

flavanone-rutinosides predominant in oranges and lemon are
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' i
tasteless (Bar-Peled et al., 1991). One of the bronz loci (Bz-McC
allele) in maize codes for UDP-glucose flavonoid glucosyltransferase,
 which catalyzes one of the last steps in anthocyanin biosynthesis.

This enzyme has been cloned and sequenced (Ralston et al., 1988).

Ecdysteroids are insect molting hormones which are essential
for normal development in lepidopteran species. A baculovirus,
'Autographa californica blocks insect molting by interfering with
~ecdysteroid biosynthesis. The virus achieves this by inserting a
gene which codes for écdysteroid glucosyltransferase into the host
genome (O'Reilly and Miller, 1989). The product of this ’enzyme is a
glucosyl- ecdysteroid, which is not recognized by the developing
larvae, and as a result, the molting process is arrested. _

In bacteria, an example of glycosylation -of a - lipophilic
substrate occurs. in carotenoid biosyntheis. Many common
carotenoids, such as o- and B-carotenes and their xahthophyll A
derivatives,v have undergone cyclization of their termini .intd six
membered rings (Straub, 1987). Two examples of cyclic carotenoids
with glycosylated ring hydroxyl groups have been identified:

rhamnosylated zeaxanthin in Corynebacteria (Nybraaten and

Liaaen-Jensen, 1974) and glucosylated zeaxanthin in Erwinia.
herbicola (Hundle et al., 1991) and Erwinia uredovora (Misawa et
al., 1990). The diglucosylated zeaxanthin found in Erwinia is among
- the most polar of the natural carotenoids, with a water solubility of
800 ppm, compared to 100 ppm fo;" zeaxanthin monoglucoside
(Pfander and Hodler, 1974)' and 12.4 ppm for zeaxanthin itself
(Hundlé et al., 1992b). The genes coding for zeaxanthin diglucoside
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\ . .
production from farnesylpyrophosphate (FPP) are clustered in the

two Erwinia species. This gene cluster from Erwinia herbicola has
been cloned and expressed in Escherichia coli, resulting in yellow
coiored E_Ql; (Perry et al., 1986). The various enzymatic steps have
been assignéd to specific loci within the Erwinia ca'ro.tenoid gene
clusters via mutagenesis, and the correspondiﬁg genes have been
sequenced in both Er. herbicola (Alberti and Hearst, 1991, EMBL
submission 87280) ,ahd Er. uredovora (Misawa et al., 1990). The
e_:Xperiments in this chapter demonstrate_:the »expre’ssion of the E.
herbicola enzyme, zeaxanthin glucosylfransferase, in E. coli under
. ‘the control of an inducible T7 RNA polymerase'promdtéf,' as well as.

the enzyme's in vitro activity. A sequence comparison. with other

UDP-glycosyl transferases results in the identification of a putative

UDP binding domain.
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II. - Materials and Methods

Organisms and growth conditions.

| The E. coli strains carrying the Erwinia herbicola genes
contained on plasmids pAPU211 (Hundle et al. 1992a) and pAPUX
(Fig. 5-1) were grown at 37°C in LC medium, by seiection for
ampicillin resistance using 100 pg/ml ampicillin (Sigma Chemical

Co., St. Louis, MO).

PCR amplification of the crtX gene' .

The Er. herbicola zeaxanthin glucosyltransferase gene, crtX,
was amplified via polymerase chain, reaction (PCR) wusing
AmplitaqTM‘ DNA polymerase (Perkin El_mér Cetus, Emeryville, CA)
in 100 ml of the standard buffer (Saiki et al., 1988) and (Loh et al.,'
'1989). The N-terminal primer (5'-GGGATACCATATGAGCCATT-
'TTGCCATTG, 1uM) contained an Ndel restriction site to permit the

ligation of the amplified gene directly into the translation start site
of the pET-3b expression vector (Studier et al., 1990). The C-
terminal primer (5_'-AAATCAGATCTCTCACGA’fACGCTCTCACT, 1uM)
was designed to hybridize- to a rggion immediately downstream of
the gene, and to contain a _B_gm_ site in order to permit insertion into
the BamHI site of pET-3b. Linearized pAPU211 plasmid containing
the E. herbicola carotenoid gene cluster was used as the template
(042 pg in 100 ul, or 500 PM, a high concentration required
because of competitive reéctions).’ The amplification cycle was as

follows: denaturation at 94°C for 1 min.; annealing at 45°C for 1.5
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min.; a gradual temperature increase to 72°C over a 2 min. period;
and a further primer extension at 72°C for' 1 min. Amplification was

performed for 30 cycles.

Plasmids and cloning _téchniquesA _
Plasmid pAPU211 was derived from pPL376 (Perry et
al.,1986) and contains the essential E. herbicola genes for carotenoid

production. Plasmid pAPUX (Fig. 5-1) was constructed by digesting

PCR-amplified crtX DNA with Ndel and Bgl II, and ligating itfi»nto
the Ndel and BamHI restriction sités of the pET-3b vector according'
to the method of Studier et al. (1990). The plasmid was cloned and
maintained in M D.HSa cells. Clones containing pAPUX were
screened by the mini-prep method of Riggs and McLachlan (1986).
The nucleic acid and enzymatic m-énipuiations were performed
according to standard p.ubli'shcd procedures (Sambrook et al., 1989)
or manufactﬁreré' protocols, and withl the technical assistance of B.
- Hundle. For the ov;rexpression of glucosyltransferase, plasmid

pAPUX was transformed into E. coli BL21(DE3).

SDS gel electroph'oresis.

Intact E. coli cclls ‘were cenirifuged and resuspended in 400 ulv
1X sample buffer (Laemmli, 1970) per ml of culture and boiled for
4 min. Cell lysate fractions were also treated similarly, and proteins
were analyzed by a 10% SDS-PAGE gel using the discontinous buffer
.system of Laemmli (1970). Protejns were s'tained- with Coomassie '

Blue R250 and destained in 40% "methanol, 10% acetic acid and

water.
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To obtain proteins for N~tefminal sequencing, an unstained
gel was electroblotted onto an ImmobilonTM membrane, according
to Immobillon Tech Protocol - TP006 (Millipore Corp., Bedford, MA).
The membrane was stained with Coomassie Blue, and bands of

‘interest were cut from the membrane and sequenced.

Preparation‘ of enzyme: extract

E. coli BL 21(DE3) cells containing the plasmid pAPUX were
grdwn to a cell density of about 3.5 X 108 per ml and induced with
04 mM IPTG for 45 min. All further steps were carried out at 4°C
unless otherwise‘ stated. Cells were harvested by centrifugation at
4200x g for 10 min. The resulting pellet from a 100 ml cell
suspension was resuspended in 1.0 to 4.0 ml of 0.05 M Tris-HCl
buffer at pH 7.5, containing 1 mM BME, and 0.1 mM PMSF. Crude
cell lysate was obtained by one passage through a French pressure
cell at 13,000 psi. Large cell debris and unbroken ceIls were
removed by centrifugation at 3100x g for 5 min.

Fractionation of the crude cell lysate was performed by‘
centrifuging the samplev at 13,000x g for 15 min. The pellet
obtained in this manner is indicative of segregation of excess
overexpressed protein in inclusion bodies. The low-speed spin
supernatant was ultra-centrifuged-at‘ 100,000x g for 90 min. The
‘pelleted membrane fraction Was resuspended in 240 pl of the Tris
buffer described above. A 120 pl fraction .was saved for analysis,
and the remaining‘lZO vul was washed with 4 ml of Tris buffer and
again ultra-centrifuged for 90 min. This final pellet was

resuspended in 120 pl of Tris buffer and is referred to as the
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washed membrane fraction. Protein concentrations were

determined by Bradford Assay (Bradford, 1976).

Enzyme asSay |

Glucosyltransferase activity was assayed by measuring the
incorporation ef [14C]gltieose into zeaxanthin. The assay mixture
was prepared as follows: 20 to 80 ul enzyme extract; 13.5 nmol
- zeaxanthin in 5 pl acetone; and 100 nmol uridine diphosphate
glucose (UDP-glucOse) at a specific activity of 2.95 mCi/mmol 14C,
" in 0.05 M Tris-HCI pH 7.5 containing 1mM BME to 4 final volume of
100 pl. UDP—glucose, radiolabelled at all six carbon atom}s,_ was
purehesed from Dupoﬁt-NEN (Wilmington, DE) at a specific activity
of 295.1 mCi/mmole and diluted by unlabelled UDP-glucose
(Sigma). Zeaxanthin was provided as a gift by Heffmann-LaRoche,
Basel, Switzerland. Zeaxanthin was quantified based on Ell?m=2340
~at 452 nm in acetone (Devies, 1976). Incubatvion‘ was pefformed at
37°C for 5 h in the dark, and the reaction was stopped 'by the
addition of 200 pl ch_lorofetm:methanol (2:1). Reaction prodﬁcts _
were identified by thin layer chromatography (TLC). To separate
' the products, 40 pl ‘ovf‘ the chloroform extract from each assay
v~mixture was applied on a siica gel TLC pléte (Whatman, Hillsboro,
OR). Two solvent sytems were used. The TLC was first developed in
Solvent System A {petroleum ether/ether/acetone (1:1:1)} to
separate unreacted zeéxanthir\ from the products:. After air dry'ingv
the TLC plate for 30 min., a second solvent system, B {petroleum
ether/ether/methanol (1:1:1)}, ‘was used to separate zeaxanthin

monoglucoside from diglucoside. The TLC plates were scanned for
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radioactivity using a PhosphorImagerTM 400 Series, and spots were
q_uaniified using ImageQuantTM v3.15 software supplied by

Molecular Dynamics, San Diego, CA

Protein sequence comparisons

The deduced amino acid sequence of CrtX from E. herbicola
was compared with the protein sequence data bases. Database
searches v:"ere‘ made using the FASTDB program (Bruttlag et al.,
1990) of the Intelligenetics Suite of sequencihg software. Databanks
seached were PIR 28 (March 31, 1991) and SWISS-PROT 18 (May
v1991). To identify common motifs or boxes of similarity, short
overiapping sequences of 48 amino acid residues were used to
probe the data bases. Sequences were aligned using the

Intelligenetics Gene Alignment Program.
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II1. Results-

A.v Clomng of crtX and over- productlon of the CrtX
protein o o |
The plasmid construct, pAPUX, is outlined in figuie 5-1. PCR-

amplified Erwinia herbicola DNA containing crtX was inserted

immediately beyond the T7 prométér' and Shine Dalgarho sequei:nce
. of the pET-3b expression vector. A &10 T7 tefminati(m signal is
located immediately downstream of the crtX insert. |

This pAPUX construct was maintained in E. coll DH5a cells,

and the crtX gene successfully expressed in E. coli BL21(DE3) via
induction with IPTG. The accumulation of a newly formed 45 kD
- protein Was observéd on a 10% SDS-polyacrylamide gel (Fig. 5-2).
The calculated molecular weight _based' on the derived émino acid
sequence of the protein is also 45 kD. The identity of this,bandlas
the crtX gene product was confirmed by N-terminal amino acid
sequencing. An additional band of slightly lower molecular. mass
was observed onlyv as a minor component in the crude extract, but

as a major component in the supernatant fractions.

B. In vitro enzymatic activity of the . enzyme,
zeaxanthin glucosyltransferase
Extracts from plasmid- contaihing E;cboli strains were assayed

for in vitro glucosyltransferase activity by incubation with

zeaxanthin and UDP-[14C]glucose. When an extract from induced E.

coli BL21(DE3) cells containing pAPUX was used, significant

amounts of the yellow colored radiolabeled products, zeaxanthin
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mono- and diglucosides, were observed. As a negative control, an.

extract from E. coli BL21(DE3) cells 'containingv the pET-3b vector

without crtX was incubated with zeaxanthin and UDP-[14C]glucose in

. the in vitro assay, and no product was observed (data not shown).
Thin layer chromatographic analysis of the products of this assay is
shown in figure 5-3 (Lane 1). Solvent 'Systernv A was used to
separate unreacted zeaxanthin (Rf=0.8) from the products.
Subs‘equent use of Solvent System B resulted in the resolution of
the polar zeaxanthin mono- and diglucosides (Fig. 5-3, lane 1).. An
authentic sample of zeaxanthin as well as an iherbicola lysate
- containing the zeaxanthin mono- and diglucosides were used as
standards for the identification of products based on mobility (Fig.
5-3, lanes 3 and 4). The second substrate, UDP-[14C]glucose, did not
move from the origin and, being colorless, was detected enly as a
radio-labelled .spet (lane 2). Phosphor-imaging of the TLC plate
showed the two colored spots at Rf=1.0 and 0.3 in Solvent System B
to be radioactive, thus indicating that [14C]glucose was incorporated
into both products | \ |

The in vitro activity of the enzyme was assayed at 370C over

a pH range from 6.5 to 9.0, and maximum activity was found at pH
7.0 to 7.5. Similiarly, activity at pH 74 was assayed over a
temperature range of 239 to 420C, and found to be optlmal at 32° to '
'37°C._ The addition of larger amounts of enzyme extract did not
irlcrease the yield of glucosylated products, indicating that enzyme
was not the limiting component.'Also, higher concentrations of UDP-
glucose bey’ond 1 mM did not increase the product yield‘ However,

the addition of increasing amounts of zeaxanthin over the range of
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3 to 50 nmoles/ 0.1 ,mll to the assay' did result in a foughly.
proportional increase in products (Fig. 5-4A). This zeaxanthin
dependence was observed despite the very limited solubility of
zeaxanthin, which was determined by ab'sorban'ce measurements to
be approximately 1'2.6' ppm, or only 2.3 nmol per 0.1 ml .reéction
volume. ) / |
To determine an optimal time at which cells should be

harvested after IPTG induction, crude enzyme extracts representing
'various induction times were assayed for activity. Fifty percent of
the . maximum obSefved' enzyme activity was present in cells
harvested after 0.5 h, and approximately 80% of maximum activity
was reachedvin 1 h (Fig. 5-5). |

- To determine ‘-‘the intracellular localization of active glucosyl-
- transferase, various cell fractions were assayed for activity. The
glucosyltransferase activity was present in both the washed
membrane fraction and the ‘hig'_h speed supér_natant fraction:. In
assays of the whole cell lysate as well as all supernatant fractions,
the zeaxanthin diglucoside was produced in sign_'ificantly higher
amounts than the monoglucoside (Fig. 5-6). The specific enzymatic
- activity was highér in the crude extract than in }the later fractions,

indicating the loss of some activity during fractionation (Fig. 5-6).

C. Physical properties and sequence comparisons 6f the
crtX gene product with other UDP-glucose binding "proteins

A hydropathy plot of the derived amino acid sequence of E.
herbicola CrtX was prepared according to the method of Kyte and

Doolittle (1982), and is presented in figure 5-7. No unambiguous
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N\

membrane-épanning regions were identified using the criteria of
Kyte and Doolittle (1982)," however two regions were found which
contain primarily hydrophobic residues. Both of these regions,
. highiighted with shaded bars (Fig. 5-7), contain stretches of | amino
acid residues which are of insufficient length to constitute trans-
, membran_e helices. | | |

The CrtX amino acid sequence has been aligned for
comparison wiih the following: insect ecdystéroid UDP-
glucosyltransferase (O'Reilly and Miller, 1989); maize UDP-glucose
flavonoid glucosyl-transferase (Ralston et al.,, 1988); and human
(Jackson et al., 1987), rat (MacKenzie, 1987) and mouse (Kimura
_and Owens, 1987) UDP-glucuronosyltransferases  (Fig. 5-8). The
three mammalian glucuronosyltransferases, H, R, and M, show good
identity among themselves but not with the other proteins.
Between the two species of Erwinia, there is .56% identity. The main
region of homology present in all six sequences is the area marked

by the shaded line in figure 5-8.
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Figure 5-1. Construction of plasmid pAPUX. "Ap" represents

the ampicillin resistance gene. crtX is the Erwinia herbicola

| zeaxanthin glucosyl transferase gene. Upstream of crtX gene at an

appropriate distance is' a T7 promoter and Shine Dalgarno sequence.

Downstream of crtX is a strong T7 terminator.
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Figure 5-2. An SDS-10% PAGE gel showing expression of
zeaxanthin glucosyltransferase. Lane 1, protein standard markers
with MW 66 kD, 45 kD, 24 kD, and 18.4 kD; Lanes 2 and 3 represent

total protein from uninduced and induced whole E. coli cells |

containing the plasmid pAPUX (note: Far less total protein was
. loaded in Lane 2,); Lane 4, 12.4 ng crude extract obtained by French
Press; Lane 5, 4.2 pg inclusion body fraction ; Ilane. 6, 22.7 ng low

speed (13,000x g) supematant fracﬁion; Lane 7, 30.2 pg high speed |
‘(IO0,000X g) supernatant -fraction';',Lrane '8, 12.8 pg unwashed

membrane fraction; and Lane 9, 3.4 ug washed'r'nembrane fraction.
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Figure 5-3. Zeaxanthin glucosyltransferase assay results
showing formation of zeaxanthin mono- and diglucosides. (A) TLC
plate, stained with iodine vapor: Lane 1, incubation of induced E.
- coli BL21(DE3) cell lysate contéining pAPUX with zeaxanthin and
UDP—[14C]g1ucose }sho‘wing formation bf zeaxar;thin mono- and
diglucosidés; lane 2, UDP-[14C]glucose; Lane 3, zeaxanthin; Lane 4, E. |
coli(pPL376) carotenoid exfract, contéinin‘g mono- and digl.ucosides
-as major carotenoids. "Solvent A" alnd "Solvent B" indicate s_olvent.
fronts. (B) Phosphor-Image _of the TLC plate showing: Lane 1,
incorporation of 14C label inv both products, mono- and :diglucosides;

and Lane 2, standard UDP-[14C]glucose remaining at the origin.
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Figure 5-4. Plot of enzyme activity versus increasing
amount of zeaXanthin Enzyme activity was determined using 20 to
80 pl enzyme extract; zeaxanthin in 5 pl acetone (amount as
indicated); 100 nmol UDP glucose at a spec1f1c act1v1ty of 295
mCi/mmol 14C, in 0.05 M T_ns-HCl pH 7.5 containing’ 1mM BME to a
volume of 100 pl. Yields of products were determined by the
phosphorimaging of TLC plates (not shown) as described in figure

5-3, and comparison with a known 14C standard.
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Figure 5-5. Plot of enzyme activity versus IPTG induction
time, after which cells weré harvested. Enzyme activity was
determined using 20 to 80 pl enzyme extract; 13.5 nmol zeaxanthin
in 5 pl- acetone; 100 nmbl-'UDP-glucosé_-ét_a specific activity of 2.95
mCi/mmol 14C,.Ain- 0.05 M Tris-HCl pH 7.5 containing 1mM BME. to a
volume of 100 pl. Yields of pr.odu.c'ts. were determined by the
'v_phosphorimagin»g of TLC plates (not shown) as desgribed in ‘f.igur.e'

"573,_ and c.:‘orllr,lparjson with a known 14C‘vstandardv. v
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Figure 5-6. Comparison of enzyme activity in cell lysate
.fractions 1) crude cell extract, .j2) low speed supernatant, 3) high
speed supernatant, 4) unwashed membranes and 5)v washed
membranes. Enzyme activity was deterniined using 20 to 80v ul
enzyme extract; 13.5 nmol zeaxanthin in 5 pl acetone (or as
indicated); 100 nmol UDP-glucose at a specific activity of 2.95
mCi/mmol 14C, in 0.05 M Tris-HCl pH 7.5 containing 1mM BME to a
- volume of 100 pl. Yields bf products were determined by the
phosphorimaging of TLC plates (not shown) ‘as described in figure 3,

and comparison with a known 14C standard.
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Figure 5-7. Hydropathy profile for the deduced amino acid
| sequence of CrtX. 'Th‘e. curve above the midline repre_seri'ts
hydrophobicity and below represents’ hydrophilicity. The computer
generated profile was determined using a mbving window of 19
amino acid residues as recommended by Kyté and Doolittle (1982).
A hydropathy index of l+1.6 or greater of é _Segment containing at
least 19 amino acids is indicative of 'a membrane spanping region.

Shaded bars indicate stretches containing hydrophobic residues.
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Figure 5-8, Sequence sirhilari_ties of the UDP-glucosyl- -
‘binding proteins. ' Protein sequences, sources and Swisspfot
accession numbers are as follows: I, Insect Ecdystero‘id UDP-
'g._l_ucosyl-transfcrase,_ -UDPE$N.PVAC; ‘Mz, Maize UDP-glucose
flavonoid glucosyl;transferase, UFO1$MAIZE; crtX, Lhérbicola
zeaxanthin UDP-glucose ‘transferas‘e, GenBank Accesé‘io_n Number
M87280; H, R and M repfesent, Human UDPISHUMAN, Rat
UDP4$RAT and MOuse‘ UDP1$MOUSE, UDP¥glucuronosyltransferasés.
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IV. Discussion

A.  Zeaxanthin dependence of glucosyltransferase activity

The observation that [14C]glucose is incorporated into two
products is consistent with the carotenoid biosynthesis pathway for
E.__herbicola‘v‘,» in 'which,va. two step glucosylétion of zeaxanthin was
‘pr-oposed based on the accumulation of the two pigments,

zeaxanthin mono- and diglucosides (Hundle et al.,1991).

UDP-glucose UDP ' UDP-glucose UDP

zeaxanthin Lz zeaxanthin monoglucoside L.z zeaxanthin diglucoside

In a standard reaction mixture, 100 nmol of UDP-glucose and
13.5 nmol of zeaxanthin were incubéted with 0.12 mg of protein
from a crude enzyme extract in a volume of 0.1 ml Inér’eas’ing the
- amount of-‘enzyme or . UDP-glucose did not result in a significant
increase in the amount of products. This indicates that, in this
particular assay, neither the enzyme nor the UDP-glucos'e was the
limiting factor. ’Hdwever, ~product yield was greatly increased by
increasing the amount of zeaxénthin. - Also, the zeaxanthin
diglucoside was found in significantly higher amounts than the
monoglucoside, despite the fact that the diglucoside is the product
of the second condensation reaction. The monoglucoside, as an
intermediate, never reaches very high levels compared with the

original substrate, zeaxanthin. These results are consistent with a

/
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model in which the binding of zeaxanthin to the enzyme is the rate
limiting step for the reaction sequence. It is not known whether the
monoglucoside intermediate -must dissociate completely from the
enzyme complex to undergo further reaction.

A significant increase in monogluéoside yield as a fraction of
total products could be seen at high zeaxanthin levels (Fig. 5-4), as
expected from a zeaxanthin limited reaction. Compared with the
supernatants, membrane | preparations produced relatively higher
levels of the ‘mohoglucoside (Fig. 5-6). This increase in
monoglucoside yield is most likely the result of the greater
availability of zeaxanthin substrate, since this lipophilic compound
is expected to partition .into the membrane (non polar phase).‘ |

Despite the | apparent solubility limitations, levels of
~ zeaxanthin substrate as high as 50 nmol per 0.1 ml continued to
produce-an increase in the glucosylated products. The addition of
zeaxanthin above the solubility limit results in. the formation of a
separate phase and does not cause an increase in the activity of
zeaxanthin in the aqueous phase. Therefore, the glucosylation must
occur in an oil phase, or more likely at an intérface, such as a
membrane, which does ﬁot depend on the substrate being water-

‘'solvated.

B. Enzyme activity is membrane associated

The -glucosyltransferase activity was present in both the
washed membrane fraction énd the supernatant fraction. After
fractionation, washed membranes éxhibited over 5 fold higher

activity per mg total protein when compared with the high speed
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- supernatant, indicating that the protein is membrane associated. A
hydropathy plot ofv the enzyme's derived amino acid sequence does
not show any clear membrane spanning region.s.' However, it is
possible that one of the two hydrophobic domains (see Résu_lts),
instead of ‘being an internal region of the protein, could serve as an
"anchor" to associate the protein with the membrane. Phospholipid
~ dependence of another UDP-glucose requiring enzyme involved in
maize sterol glucosylation has been demonstrated by | Ury et al
(1989). Our coh(ﬁlusion is that CrtX is loosely associated with 'fhe
membrane, and is partially dissociated from the membrane dufing

fractionation.

Several factors c;o-ulrd> a—c.count for.the e;izyme ha—ctivity
remaining in thé high-speed supernétant fraction. It is possible that
the enzyme is still associated wifh small membrane fragments
which éfe too small to be sedimented. Mowat and Arias (1970),
using electron micrbscqpy, ‘have shown that the transfer of
glucuronosyl-transferase 'activity from liver microsomes to the
.'supernataﬁt obtained by ultracentrifugation at 100,000x g, results
merely from reduction in the size of membrane. vesicles and not

from free enzyme. Alternatively_, it is possible that the enzyme is

associated with the membrane in vivo, but that the membrane is

not absolutely required for some basal level of activity. For
maximum activity of the enzyme, membranes might be essential
simply because the zeaxanthin substrate is a | lipophilic compound
located in the membrane.

We observe the formation of a second band on the SDS-PAGE

protein gel upon centrifugation of the cell lysate to isolate
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membranes (Fig. 5-2). It appears that this protein, which is only
slightly smaller in molecular weight than the original
overexpressed product, is the result of proteoiytic cleavage of- the
original enzyme. This second pfot_ein is segregated in the
supernatant and may be formed after some of the orig}inal enzyme
is freed from the membrané, makirig it mdré accessible to
proteases. The appearance of this second band is alsb concomitant
with a net loss of enzyme activity observed upon fractionation. The
combined enzyme activities of both the 100,000x g supernatant
plus membrane fractions are less than that found in the original
lysate (Fig. 5-6) on an activity per mg protein basis. Because this
lower band is not found in any significant‘levels in cells lysed by
boiling, it is possible that the release and proteolysis of the enzyme
.results from fractionation itself, and does not reflect a normal in

Vivo process.

C. A Proposed UbP-Glucose Binding Site Based on Amino
Acid Homology

- The deduced amino acid sequence of ‘Lherbicola CrtX shows a
negligible_ amount of overall homology with the other‘ sequenced
UDP-glucosyl; and glucuronosyltransferases (See res.ults and Fig. 5-
8)7 However, there is one distinct region of hdmology which is
present in each of the six sequences (Fig. 5-8). Since the only
common feature among these enzymes .is that they require UDP-

activated substrates, we conclude that the following sequence is

most likely a portion of the UDP binding site:
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[QX13TX2GX7LX4PX4PX3DQX4A], where X represents a

variable residue.

In summary, the enzymé, zeaxanthin glucosyltransferase
from E. herbicola, can be overproduced and its activity

demonstrated in vitro. The enzyme apparently is not an integrali

membrane - protein, but is loosely attached to the membrane. We
_have proposed a UDP;binding sequence which is shared by the
known transferaées which requivre a UDP-activated second
substrate. Further biochemical studies will be performed to
establish the enzymé's kinetic - properties and cofactor

requirements.
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Chapter 6:

General Summary and Future Directions

Carotenoid production occurs in all photosynthetic organisms
as well as in many no‘n-photosynthetié organisms. Deﬁpite the
widespread distribution‘ of carotenoid biésynt_hesis, we are now
orily beginning to understand both ifs biochemistry and the

transcriptional regulation of photosynthetic "genes. This work

utilizes the two bacteria, Erwinia herbicola and Rhodobacter

capsulatus as model systems suited for the study of enzyme
biochemistry and transcriptional regulation, respectively. Using E.
herbicola, the first reported in vitro ‘overexpressioh of
enzymatically active individual post-phytoene carotenoid
biosynthesis genes is presented. Rhodobacter capsulatus, as a
facultative phototroph with a 46 kb clustgr of anaerobically
induced photosynthetic genes, including all‘ those required for
carotenoid biosynthesis, was used for the study ovf tfanscriptional
~ regulation. | | )

In Chapter 2, the recurring palindrome sequence found
upstream of many .carotenoid and bacteriochlorophyll biosynthesis
gene's is confirmed as a regulatory sequence by the identification of
a sequence-specific DNA binding protein. This protein and RegA,-
which has recently been found to regulate the puf and puh
structural protein operons (Sganga et al., 1992), repreéent the first
examples of trans-acting factors affecting transcription of the
inducible R. capsulatus photosynthesis genes. Competition assays

and mutational analyses indicate that the palindrome-binding -
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protein acts in a sequence-specific manner, and that DNA-protein\
complex formation is cooperatively g:nhan_ced by the vpresencev of an
upstream AT-rich 'D‘NA sequence acting in cis. Both ‘the binding
~constant and- dissociation rate are evstimated..

Three lines of evidence indicate that the palindrome acts as a
repressor of aerobic transcription. First, the binding of protein to
the bchCXYZ DNA fragment in the mobility shift assay is
approximately 2-3 times as strong when an aerobic cell lysate is
used, compared to the corresponding culture shifted to anaerobic/
photosynthetic growth conditions, where transcription is reported
to be 3-4 times gfeat_er (Armstrong, 1989b). Second, the placement
of the palindrome relative to the o70- like promoter is much more
like that of a repressor. Finally, the proposed .role of the binding

protein as a repressor under aerobic conditions is consistent with

the results of a parallel in vivo study utilizing lacZ transcriptional
fusipns (Ma et al., 1992). Although mutations in fhe right, left, or
both halves of the palindfome produced‘ different basal levels of B-
galactosidase expression, the differential effect of shifting to
anaerobic growth was markedly reduced in ea;:'h case in which the"
palindrome was disrupted.

More limited evidence indicates a possible second role for this
factor as an activator under anaerobic/ photosynthetic conditions.

Both the reduced expression of bchCXYZ lacZ fusions containing

mutations in the right half of thé palindrome - (Ma et al., 1992) and
the formation of an upper shifted band in a gel-shift assay,
especially in the case of the highly induced crtEF operon (Chapter

2), point toward an activation mechanism. Although two crtEF
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transcripts mapped earlier by Giuliano et al. (1988) appear to start
just downstream of the perfect match of the consensus .palindrome,
the true promoter for the operon has not been conclusivély
identified. _ . A

The results of Chapter 2, when taken togethef with both the
dis_fributiofl of putative regulatory sites throughout thé géne vcluster
ahd the transcriptional data of other rescaréhers, lead ué to a
possible mechanism f_or transcriptional regulation in which the
expression of thesé pigment bioéynthesis genes is coordinated _With
that of the structural proteins of the photosynthetic ap_paratus}',
through the 'supéro‘peronal organization of the gene cluster
(reviewed by Wellington et al., 1991).

Whether the palindrome itself is sufficent to initiate

transcription at crtEF, and whether other sequences also play a role,

are subjects for further in vitro and in vivo mutational analyses (as

“described in Chapter 2 for the bchCXYZ operon). Another interesting
- region in which to apply these mutational and gel-shift assays is the
séquence upstream of the puc operon which codes for the LH-II
structural polypeptides. This operon contains another example of
the same corisérved palinfome and holds the additional advantages
of being more highly ‘expressed and heavily induced by a drop in
oxygen tension (Youvan and Ismail, 1985; Armstrong, 1989b5. Since
LH-II is the movstv abundant pigment/ protein Vcompl.ex utilizing
caro‘tenoidsr under standard photosynthetic growth conditions, it
would not be surprising to find similar regulatory mechénisms at

work at this operon.

Finally, use of an enzymatic oxygen trap with in vitro enzyme
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assays has been reported (Lam and Malkin, 1982), and this
approach may provide'-é ‘more rigorous method of comparing
'~ protein binding to the palindrome DNA in vitro under aerobic
versus anaérobic cohditions.

Chapter 3 focuses on the isolatibn of the trdnscription factor
described in Chapter 2. Limited 'N-terminal amino acid sequencé
information was obtained, and this should permit the design of a
redundant oligbnucleotide;probc to locate the édrrespo’ndiﬁg. gene.
Over-expression of the gene could provide a better source of useful
quantities of active proteih._ Analysis of transcripfs ffom binding-
factor déletion mutants should settle the \questions of whether the
palindrome can act as an activator of transbription and whether this
sequénce is .absolutely essential for photosynthetic gene expression. l

Unfortunately, isolation of the 'binding protein in an active
form was complicated by protein denaturation ahd the fact that the
optimum DNA bihding site was large enough to be disturbed by
crosslinking this DHNA .to a column. For future work, an alternate

type of poly(bchC-ZOOmer) DNA column - shouid i)e constructed in

~ which the active DNA concatemer is ligated in situ to compatible

DNA previously crosslinked to the support. This ‘would_ provide
. unhindered sites available for protein binding. Also, if denaturation
of the factor at low total protein concentrations continues to be a
problem, the addition of excess carrier protein (BSA, etc.) or DNA to
all column wash solutions should be considered as ways of
stabilizing the binding factor. |

In Chapters 4 and 5, Erwinia h'erbiéola, a non-photosynthetic

plant pathogen, was selected for enzymology studies because of its
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similarity to and compatibility with E. coli, and its lack of
dependence on a specialized photosynthetic membrane or organelle.
Use of this bacterium instead of | more conventional photosynthetic
sources resulted in the first réported overexpression of functionally
active post-phytoene carotenoid biosynihesis enzymes.

| Chapter 4 describes the separate overexpiession in E. coli and
in vitro analysis of two Eri:vinia enzymes involved in the main
sequence of the carotenoid biosynthesis pathway, lycopene cyclase
and PB-carotene hydroxylase. in this study, each of the two enzymes
could act separately and process exogenous substrates, indiéating
that neither the clustering of the carotenoid biosynthesis enzymes
nor the channelling ‘'of intermediates was absolutely required, as
~had been proposed (Beyer et al.,, 1985; Candau et al., 1991). The
levels of activity of both enzymes were found to be fairly low,
particularly that of the lycopéne cyclase. This result was not
unexpected, considering the fact that both enzymes require
extremely hydrophobic snbstrates which are introduced into a.
basically aqueous environment.

All-trans-lycopene was found to be the Only. acceptable in

vitro substrate for this Erwinia lycopene cyclase, in contrast to the

findings with Narcissus pseudonarcissus chromoplasts (Beyer et al.,
1991), which converted only prolycopene or other cis-isomers of
lycopene to B-carotene. The enhancement of f-carotene
hydroi(ylase activity upon the addition of electron donors is
consistent with a mixed-function oxygenase mechanism for
carotene hydroxylation in which Oj is first reduced to a more

reactive species (e.g. a hydroperoxide).
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Future strategies for"in'creasing the activity of these two
enzymes include: introducing the plasmid-borne genes back into Er.

herbicola to use an Erwinia-based in vitro system to minimize any

artifacts resulting from the E. coli system (particularly the

segregation of the cyclase into inactive inclusion bodies); and the
use of reconstituted liposomes from a cell-free source .to remove
other membrane-associated -redox reactions’ from the assay (e.g.
avoiding the membréne inhibition of hydrdxylase activity‘ while
retaining a membrane site). In addition, this approach can also be
applied to some of the oiher Erwinia carotenoid .bidsynthesis, such
as crtl, the multi-step dehydrogenase. |

~ One interesting praétical appl'icati‘on of these clustered
Erwinia genes involves the. possibility .of‘ introducing - carotenoid
biosynthesis into - selected food éfops to alleviate vitamin A
;»deficicncics in populations dependent on a single major food source
(e.g. rice). Besides the development of a better understanding of the
- biochemistry of the enzymes, this approacﬁ would require both
bloc_king biosynthesis at crtZ because the xanthophylls are not
biologically active, as well as the mobilization of this gené cluster on
‘an appropriate vector.

Chapter 5 examines the overexpression and enzymology of
functionally active zeaxanthin glucosyltransferase, an enzyme
which carries out a more unusual transformation, converting a
carotenoid into its more hydrophilic mono- and diglucoside
derivatives. In addition, amino acid homology with other glucosyl
and glucuronosyl transferases resulted in the - identification of a

putative binding site for the UDP-activated substrate. Although the
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zeaxanthin glucosyl-transferase exhibited much more in vitro

activity than either of the other two'Erwinia enzymes, several
interesting questions were raised by 'the vre'sults: How does the
addition of zeaxaxnthin, well beyond its solubility limit, continue to
increase the yield of products?; What is the true nature of the
- interaction of the eniyme with the membrane? Immuno-staining
might be useful in determining if.the’ normally expressed enzyme is
associated with the membrane. Fractionation of the cell ly_sate in
the presénce of protease inhibitors is a possible way to determine if
the partial loss of enzyme activity upon removal of fhe_ enzyme
from the membrane is due to protéolysis. |

A practical in vitro applicétion of the active zeaxanthin
glucosyltransferase is the production of carotenoids - which are more-
“soluble in water. This naturally occdrihg food-compatible pigment
could be rendered even more. water ‘soluble if the transferase
enzyme could be used to accept di- or polysaccharides, or if the
normal diglucoside produci is subséquently glycosylated.

In conclusion, the use of these two bacterial model system has
furthered our general understanding of the biochemistry of
carotenoid production, as well as the transcriptional regulation of

inducible carotenoid biosynthesis genes.
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